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I.  INTRODUCTION 


Despite  prior  successes  in  identifying  individual  highly-penetrant  breast  cancer 
susceptibility  loci  such  as  BRCA1  and  BRCA2  (Miki  et  al.,  1994;  Wooster  et  al. ,  1995), 
these  cases  represent  a  minority  of  breast  cancer  incidence.  While  twin  and  family 
studies  reveal  a  strong  genetic  component  for  risk  to  so-called  “common”  forms  of 
breast  cancer  (Peto  and  Mack,  2000),  large-scale  GWAS  efforts  to  map  out  this  missing 
genetic  component  have  been  largely  unsuccessful.  While  work  is  currently  being 
undertaken  to  pursue  exceedingly  rare  variants  using  next-generation  sequencing- 
based  approaches,  an  alternative  hypothesis  is  that  the  genetic  component  underlying 
cancer  susceptibility  is  due  to  gene-gene  interactions,  either  due  to  the  cumulative 
effect  of  additive  interactions  of  perhaps  many  mutant  alleles  or  due  to  a  strong 
synergistic  effect  between  a  small  number  of  alleles  (Manolio  et  al.,  2009).  Due  to  the 
combinatorial  problem  of  accounting  for  two  or  more  interacting  variants  genome-wide, 
even  the  large  sample  sizes  associated  with  current  GWAS  and  next-gen  studies  are  ill- 
suited  to  this  approach.  The  goal  of  the  completed  research  and  training  program  has 
been  to  identify  low-penetrant,  epistatic  alleles  utilizing  a  novel,  cross-species 
investigation  of  DNA  repair  defects  in  the  budding  yeast  S.  cerevisiae.  Specifically,  I 
have  focused  on  the  discovery  and  characterization  of  novel  interactions  with  the  yeast 
ATM  ortholog  TEL1  that  cause  severe  DNA  damage  sensitivity.  From  this  I  propose  that 
mutant  alleles  corresponding  to  the  interactions  identified  as  potential  risk  factors  for 
breast  cancer. 

II.  BODY 

My  research  and  training  over  the  funding  period  has  followed  the  approved  timeline 
detailed  in  the  Statement  of  Work  for  this  training  grant.  I  have  applied  for  and  received 
a  no-cost  extension  (Amendment  P00001,  24-Aug-2012),  during  which  I  have 
completed  and  defended  my  dissertation.  I  have  also  completed  experiments  and 
revisions  in  response  to  the  peer  reviews  of  my  TEL1  manuscript.  This  work  has 
recently  been  published  in  the  journal  Genetics  (see  Reportable  Outcomes  below  as 
well  as  the  Appendix).  Moreover,  during  this  time  I  have  made  significant  contributions 
to  a  related  study  on  chronic  low-dose  MMS  treatment.  This  study  has  recently  been 
published  as  well  in  the  journal  Molecular  and  Cellular  Biology  (also  see  Appendix)  and 
I  have  thanked  the  BCRP  for  support  in  the  acknowledgements  for  both  these  recent 
publications. 

As  a  recap  of  my  work  during  the  period  of  funding,  I  have  successfully: 

•  Completed  the  proposed  coursework  in  molecular  biology,  genetics,  and 
statistics  (cumulative  GPA  3.8). 

•  Assembled  a  world-class  graduate  committee  with  expertise  in  oncology  and 
genetics  (Dr.  Amanda  Paulovich),  breast  cancer  genetics  (Dr.  Mary-Claire  King), 
yeast  genetics  (Drs.  Daniel  Gottschling  and  Trisha  Davis),  DNA  repair  (Dr.  Toshi 
Taniguchi),  and  statistical  genetics  (Dr.  Pei  Wang). 

•  Successfully  completed  the  General  Examination. 
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•  Learned  laboratory  techniques  in  genetics  that  are  critical  to  my  project  by 
contributing  to  a  related  screen  for  interactions  with  a  BRCA1  homolog  (see 
reference  in  Reportable  Outcomes  below,  as  well  as  in  the  appendix). 

•  Authored  a  manuscript  detailing  the  results  of  the  TEL1  (ATM  ortholog)  screen; 
this  report  describes  a  novel  connection  between  DNA  damage  sensitivity  and 
telomere  defects  (see  Reportable  Outcomes  and  Appendix). 

•  Co-authored  a  manuscript  describing  novel  key  differences  between  the  cellular 
responses  to  low-dose  vs.  high  dose  DNA  damage  (see  Reportable  Outcomes 
and  Appendix). 

•  Successfully  defended  my  dissertation. 

•  I  have  accepted  a  postdoctoral  position  in  the  laboratory  of  Dr.  Michael  Snyder  in 
the  Genetics  Department  at  Stanford  University.  The  training  and  research 
conducted  under  Dr.  Paulovich  during  the  training  period  were  critical  to  my 
securing  this  position. 

Research  Accomplishments  to  Date 

In  Year  1  of  this  grant  I  successfully  constructed  a  yeast  tell  A  xxxA  genome-wide 
double-deletion  library  that  was  screened  for  sensitivity  to  DNA  damaging  agents.  From 
this  screen,  I  identified  13  genetic  interactions  that  caused  enhanced  sensitivity  to 
methylmethanesulfonate  (MMS)  and/or  ionizing  radiation  (IR)  (Piening  et  at.  2013 
Figure  1 ).  A  reference  table  detailing  these  results  as  well  as  subsequent  follow-up  work 
for  each  interaction  is  included  in  the  Appendix  (Piening  et  al.  2013,  Table  2).  In  order  to 
elucidate  the  mechanism(s)  by  which  these  interactions  cause  DNA  damage  sensitivity, 

I  performed  a  series  of  genetic  and  biochemical  assays  measuring  defects  in  DNA 
repair  or  metabolism.  Notably  from  these  measurements,  a  number  of  tell  A  xxxA 
mutants  exhibited  significantly  higher  rates  of  MMS-induced  gross  chromosomal 
rearrangements  (GCR)  (Piening  et  al.  2013,  Figure  7),  which  is  measured  as  loss  of  the 
end  of  chromosome  V  (Chen  and  Kolodner,  1999).  As  TEL1  and  the  GCR  positive 
mutants  ( RAD24 ,  DDC1,  RAD17,  RAD27,  and  NUP60)  have  been  previously  implicated 
in  telomere  maintenance,  I  hypothesized  that  the  loss  of  genetic  information  at  the 
chromosome  end  may  be  due  to  an  inability  to  maintain  proper  telomeres.  Indeed,  upon 
examination  of  telomere  lengths  by  Southern  blotting,  I  observed  that  many  of  the  tell  A 
xxxA  interactions  also  display  extremely  shortened  telomeres  (Piening  et  al.  2013, 
Figure  3).  This  is  a  novel  result,  as  a  number  of  the  identified  genes  play  no  known  role 
in  telomere  metabolism  nor  do  most  single  mutants  exhibit  telomere  defects. 

Based  on  the  previous  results  linking  TEL1  interactions  to  telomere  shortening  and 
chromosomal  rearrangements,  I  hypothesized  that  telomere  shortening  in  these  double 
mutants  renders  cells  susceptible  to  telomere  erosion  and  de-protection  due  to  MMS- 
induced  DNA  damage  at  the  telomere.  Telomere  erosion  due  to  DNA  damage  has  been 
described  previously  to  occur  spontaneously  at  low  rates  (Chang  et  al.,  2007)  however 
it  has  not  yet  been  shown  to  be  induced  upon  MMS  treatment.  Based  on  this 
hypothesis,  I  predicted  that  the  inactivation  of  telomerase  would  cause  MMS  sensitivity 
but  only  after  a  period  of  telomere  shortening.  To  test  this  prediction,  I  sporulated  yeast 
cells  heterozygous  for  a  mutation  in  TLC1,  a  telomerase  subunit.  The  TLC1  and  tlcl 
progeny  were  cultured  over  a  period  of  3  days  to  shorten  telomeres,  and  cells  were 
tested  for  MMS  sensitivity  on  each  day.  As  expected,  the  telomerase-deficient  tlcl  cells 
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exhibited  a  progressive  increase  in  MMS  sensitivity  over  the  three  day  period  while  the 
TLC1  cells  remained  MMS-resistant  (Piening  et  al.  2013,  Figure  2).  From  this  I  conclude 
that  telomere  shortening  is  a  cause  for  MMS  sensitivity  in  yeast. 

Additionally,  I  predicted  that  if  I  could  restore  telomeres  to  normal  lengths  in  my 
tell  A  xxxA  interaction  mutants,  it  would  suppress  the  MMS  sensitivity  of  these  strains. 
In  order  to  test  this,  I  transformed  cells  with  a  plasmid  containing  a  fusion  of  the  Est2 
subunit  of  telomerase  to  the  telomere  end  capping  protein  Cdc13;  this  construct  has 
been  shown  to  restore  normal  telomere  lengths  to  tell  A  cells  (Evans  and  Lundblad, 
1999;  Tsukamoto  et  al.,  2001).  As  expected,  the  addition  of  the  fusion  plasmid 
elongated  telomeres  in  both  wildtype  and  mutant  strains  (Piening  et  al.  2013,  Figure  5). 
For  a  subset  of  interactions  ( rad24A  tell  A  and  rad17A  tell  A)  the  addition  of  the  plasmid 
caused  a  partial  suppression  of  MMS  sensitivity  (Piening  et  al.  2013,  Figure  5)  and 
suppressed  the  GCR  rate  (Piening  et  al.  2013,  Figure  7).  From  this  I  conclude  that 
telomere  shortening  is  a  cause  for  MMS  sensitivity  in  tell  A  interactions.  However  it  is 
not  the  sole  cause  as  not  all  interactions  exhibited  a  suppression  of  MMS  sensitivity 
(Piening  et  al.  2013,  Table  2)  nor  was  the  sensitivity  of  the  9-1-1 A  tell  A  interactions 
completely  abolished. 

As  prior  studies  have  shown  that  a  subset  of  genes  identified  in  this  screen  are 
required  for  efficient  deoxyribonucleotide  (dNTP)  production  (Mulder  et  al.,  2005; 
Traven  et  al.,  2005;  Westmoreland  et  al.,  2004;  Woolstencroft  et  al.,  2006;  Zhao  et  al., 
2001),  I  hypothesized  that  a  decrease  in  dNTP  pools  may  be  an  additional  cause  for 
MMS  sensitivity  for  tell-A  interactions.  Supporting  this,  I  used  the  common 
chemotherapy  agent  hydroxyurea  (which  depletes  dNTP  pools)  to  show  that  tell-A  cells 
(and  not  wild  type)  are  specifically  sensitive  to  MMS  after  pretreatment  with  hydroxyurea 
(Piening  et  al.  2013,  Figure  8).  In  total,  I  demonstrate  that  tell-A  cells  are  rendered 
sensitive  to  MMS  by  increased  replication  stress  or  exacerbation  of  the  short  telomere 
phenotype.  As  such,  human  orthologs  for  the  yeast  genes  identified  here  represent 
potential  breast  cancer  risk  susceptibility  genes. 

III.  KEY  RESEARCH  ACCOMPLISHMENTS 

•  I  have  performed  the  first  ever  genome-wide  damage  sensitivity  screen  for 
interactions  with  the  TEL1  gene  (ortholog  of  the  human  tumor  suppressor  gene 
ATM). 

•  I  have  identified  13  novel  genetic  interactions  with  tell  A  that  cause  enhanced 
sensitivity  to  MMS  and/or  IR. 

•  I  have  shown  that  many  of  the  tell  A  interactions  confer  novel  genomic  defects; 
11  of  the  13  exhibit  short  telomeres  and  5  of  the  13  exhibit  increased  genome 
instability  (GCR). 

•  For  a  subset  of  these  interactions,  the  DNA  damage  sensitivity  and  genome 
instability  can  be  suppressed  by  elongating  telomeres  through  bypass  of  the 
TEL1  pathway. 

•  While  a  tell-A  single-mutant  strain  is  relatively  insensitive  to  MMS,  the  prior 
depletion  of  dNTPs  through  pretreatment  with  hydroxyurea  renders  tell-A  cells 
(and  not  wild  type)  MMS-sensitive. 
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•  By  tracking  DNA  damage  sensitivity  and  telomere  lengths  following  the 
inactivation  of  telomerase,  I  show  that  yeast  cells  exhibit  progressive  and  dose- 
dependent  MMS  sensitivity  as  telomeres  shorten. 

IV.  REPORTABLE  OUTCOMES 

•  B.D.  Piening,  D.  Huang  and  A.G.  Paulovich.  Novel  Connections  Between  DNA 
Replication,  Telomere  Homeostasis,  and  the  DNA  Damage  Response  Revealed 
by  a  Genome-Wide  Screen  for  TEL1/ATM  Interactions  in  Saccharomyces 
cerevisiae.  Genetics  193  (2013)  1 117-33. 

•  D.  Huang,  B.D.  Piening,  and  A.G.  Paulovich.  The  Preference  for  Error-Free  or 
Error-Prone  Postreplication  Repair  in  Saccharomyces  cerevisiae  Exposed  to 
Low-Dose  Methyl  Methanesulfonate  Is  Cell  Cycle  Dependent.  Molecular  and 
Cellular  Biology  33  (2013)  1515-27. 

•  B.D.  Piening,  D.  Huang,  H.M.  Hu,  U.  Voytovich,  A.  Murakami-Sekimata,  S. 
Wang,  P.  Wang  and  A.G.  Paulovich.  A  cross-species  approach  for  the  discovery 
of  genetic  interactions  in  the  DNA  damage  response  and  breast  cancer  (Poster). 
201 1  Era  of  Hope  Conference,  Orlando  FL. 

•  B.D.  Piening,  D.  Huang,  H.M.  Hu,  S.  Wang,  A.  Murakami-Sekimata,  P.  Wang 
and  A.G.  Paulovich.  A  cross-species  approach  for  the  discovery  of  genetic 
interactions  in  the  DNA  damage  response  (Platform  talk).  2010  Environmental 
Mutagen  Society  Annual  Meeting,  Fort  Worth  TX. 

•  Murakami-Sekimata,  D.  Huang,  B.D.  Piening,  C.  Bangur  and  A.G.  Paulovich. 
The  Saccharomyces  cerevisiae  RAD9,  RADI 7  and  RAD24  genes  are  required 
for  suppression  of  mutagenic  post-replicative  repair  during  chronic  DNA  damage. 
DNA  Repair  (Amst)  9  (2010)  824-834. 

•  B.D.  Piening,  D.  Huang,  A.  Murakami-Sekimata,  C.  Bangur,  A.G.  Paulovich.  The 
Saccharomyces  cerevisiae  RAD9  gene  is  required  for  suppression  of  mutagenic 
translesion  synthesis  during  chronic  DNA  damage  (Poster).  2010  Yeast  Genetics 
and  Molecular  Biology  Meeting.  July  2010,  Vancouver  BC  Canada. 

•  Ph.D.  earned  in  Molecular  and  Cellular  Biology,  University  of  Washington,  2013. 

•  Employment  as  a  Postdoctoral  Research  Associate  in  the  laboratory  of  Dr. 
Michael  Snyder,  Department  of  Genetics,  Stanford  University  (May  2013). 

V.  CONCLUSION 

Genome-wide  screening  for  interactions  with  the  budding  yeast  ATM  ortholog 
reveals  multiple  interactions  that  cause  enhanced  sensitivity  to  DNA  damage.  Many  of 
these  mutants  cause  little  or  no  DNA  damage  sensitivity  on  their  own,  which  highlights 
the  utility  of  this  approach  for  identifying  novel  potential  tumor  suppressor  genes.  The 
striking  fact  that  many  of  these  interactions  also  confer  telomere  defects  and  that  MMS 
resistance  can  be  restored  by  bypassing  Teh’s  role  in  telomere  metabolism  indicates 
that  alleles  associated  with  shortened  telomeres  may  contribute  to  tumorigenesis. 
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ABSTRACT  Tell  is  the  budding  yeast  ortholog  of  the  mammalian  tumor  suppressor  and  DNA  damage  response  (DDR)  kinase  ATM. 
However,  tell -A  cells,  unlike  ATM-  deficient  cells,  do  not  exhibit  sensitivity  to  DNA-damaging  agents,  but  do  display  shortened  (but 
stably  maintained)  telomere  lengths.  Neither  the  extent  to  which  Tell p  functions  in  the  DDR  nor  the  mechanism  by  which  Tell 
contributes  to  telomere  metabolism  is  well  understood.  To  address  the  first  question,  we  present  the  results  from  a  comprehensive 
genome-wide  screen  for  genetic  interactions  with  tell -A  that  cause  sensitivity  to  methyl  methanesulfonate  (MMS)  and/or  ionizing 
radiation,  along  with  follow-up  characterizations  of  the  13  interactions  yielded  by  this  screen.  Surprisingly,  many  of  the  tell -A 
interactions  that  confer  DNA  damage  sensitivity  also  exacerbate  the  short  telomere  phenotype,  suggesting  a  connection  between 
these  two  phenomena.  Restoration  of  normal  telomere  length  in  the  tell -A  xxx-A  mutants  results  in  only  minor  suppression  of  the  DNA 
damage  sensitivity,  demonstrating  that  the  sensitivity  of  these  mutants  must  also  involve  mechanisms  independent  of  telomere  length. 
In  support  of  a  model  for  increased  replication  stress  in  the  tell -A  xxx-A  mutants,  we  show  that  depletion  of  dNTP  pools  through 
pretreatment  with  hydroxyurea  renders  tell -A  cells  (but  not  wild  type)  MMS-sensitive,  demonstrating  that,  under  certain  conditions, 


Tell  p  does  indeed  play  a  critical  role  in  the  DDR. 

THE  ATM  tumor  suppressor  kinase  is  a  major  signaling 
component  of  the  DNA  damage  response  (DDR)  path¬ 
way,  and  patients  with  homozygous  ATM  mutations  are  af¬ 
flicted  with  the  cancer-prone  disorder  ataxia  telangiectasia 
(AT)  (Savitsky  et  al.  1995;  Shiloh  2003).  ATM-deficient  cell 
lines  are  sensitive  to  DNA  damage,  exhibit  pronounced 
checkpoint  and  double-strand  break  (DSB)  repair  defects 
(Painter  and  Young  1980;  Kastan  et  al.  1992;  Kuhne  et  al. 
2004),  and  exhibit  significantly  reduced  phosphorylation 
levels  of  DDR  targets  (Canman  et  al.  1998).  Cells  from  AT 
patients  exhibit  accelerated  telomere  shortening  (Metcalfe 
et  al.  1996),  and  ATM  is  thought  to  play  a  role  in  telomere 
length  regulation  through  interactions  with  telomere  bind¬ 
ing  proteins  (Wu  et  al.  2007) . 
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The  Saccharomyces  cerevisiae  ortholog  for  mammalian 
ATM  is  TEL1  (Greenwell  et  al.  1995;  Morrow  et  al  1995; 
Mallory  and  Petes  2000).  Tellp  is  recruited  to  DSBs  via  an 
interaction  with  the  Mrell-Rad50-Xrs2  (MRX;  MRN  in 
mammals)  DNA-binding  complex  (Nakada  et  al.  2003), 
and  Tell  both  facilitates  efficient  end  resection  through  an 
unknown  mechanism  and  participates  in  phosphorylation  of 
downstream  DDR  substrates  (Mantiero  et  al.  2007).  Follow¬ 
ing  DSB  resection,  the  related  kinase  Mecl  [ATR  in  mammals 
(Cimprich  et  al.  1996)]  recognizes  RPA-coated,  single¬ 
strand  DNA  (ssDNA)  at  ssDNA-double-strand  DNA  (dsDNA) 
junctions  via  an  interaction  with  Ddc2,  and  the  DNA  damage 
checkpoint  is  activated  (Paciotti  et  al.  2000).  The  distinct 
sensing  of  double-strand  and  single-strand  damaged  DNA 
structures  by  Tellp  and  Meclp  bears  a  striking  resemblance 
to  the  different  roles  of  their  ATM  and  ATR  counterparts  in 
mammalian  cells  (Zou  and  Elledge  2003;  Lee  and  Pauli 
2007).  However,  while  the  loss  of  MEC1  results  in  severe 
sensitivity  to  DNA-damaging  agents  (Weinert  et  al.  1994), 
Tellp  is  not  functionally  required  for  checkpoint  activation 


Genetics,  Vol.  193,  1117-1133  April  2013  1117 


in  response  to  intrachromosomal  DSBs,  and  the  loss  of  TEL1 
does  not  significantly  sensitize  cells  to  DNA-damaging 
agents  (Greenwell  et  al.  1995;  Morrow  et  al.  1995).  Despite 
this,  a  mecl  tell  double  mutant  is  more  sensitive  to  DNA 
damage  than  the  mecl  single  mutant.  These  results  demon¬ 
strate  that,  although  MEC1  plays  the  predominant  role  at 
intrachromosomal  DSBs,  TEL1  does  play  some  role  in  re¬ 
sponse  to  DNA  damage  in  a  mecl  background  (Morrow  et  al. 
1995). 

While  Meclp  appears  to  be  the  primary  responder  to 
DNA  damage  (with  Tellp  functioning  in  a  back-up  role), 
the  respective  roles  of  Meclp  and  Tellp  are  reversed  at 
telomeres.  In  S.  cerevisiae,  the  telomerase  enzyme  preferen¬ 
tially  associates  with  short  telomeres  for  elongation  through 
an  interaction  with  Cdcl3,  and  this  preferential  association 
is  dependent  on  TEL1  and  the  MRX  complex  (Sabourin  et  al. 
2007).  MRX  recruits  Tellp  to  DNA  ends  (Fukunaga  et  al. 
2011),  at  which  Tellp  phosphorylates  one  or  more  sub¬ 
strates  to  facilitate  telomerase  recruitment  by  Cdcl3  via 
an  as-yet  poorly  understood  mechanism  (Gao  et  al.  2010; 
Martina  et  al  2012).  tell  mutant  cells  exhibit  a  decreased 
frequency  of  telomere  elongation  events  and  decreased  telo¬ 
merase  processivity  at  telomeres  (Arneric  and  Lingner  2007; 
Chang  et  al.  2007)  that  leads  to  progressive  telomere  short¬ 
ening  (Greenwell  et  al.  1995;  Mallory  and  Petes  2000). 
Telomeres  in  tell  cells  are  shortened  but  are  stably  main¬ 
tained;  this  depends  on  MEC1  (Ritchie  et  al.  1999).  Telo¬ 
mere  erosion  in  a  mecl  tell  mutant  leads  to  aneuploidy, 
senescence,  and  cell  death  (Craven  et  al.  2002;  Vernon 
et  al.  2008;  McCulley  and  Petes  2010).  Despite  the  require¬ 
ment  for  MEC1  in  telomere  homeostasis  in  the  absence  of 
TEL 2,  Meclp  is  not  detected  at  telomeres  in  wild-type  or 
tell -A  cells,  and  the  specific  role  that  Meclp  plays  in  facili¬ 
tating  telomere  maintenance  in  the  absence  of  TEL1  is  not 
yet  understood  (McGee  et  al.  2010). 

For  Tellp’s  role  in  both  the  DDR  and  telomere  metabo¬ 
lism,  significant  questions  remain.  While  the  kinase  was  once 
thought  to  be  functionally  redundant  with  Meclp  in  the  DDR, 
recent  studies  have  identified  distinct  Mecl -independent 
roles  for  Tellp  in  checkpoint  signaling  (Mantiero  et  al. 

2007) ,  replication  fork  stability  (Doksani  et  al.  2009),  and 
the  suppression  of  genome  rearrangements  (Lee  et  al. 

2008) .  None  of  the  mechanisms  underlying  these  roles  are 
well  understood.  At  telomeres,  the  straightforward  model 
consisting  of  Tellp  phosphorylation  of  Cdcl3  leading  to 
a  conformational  change  that  allows  for  recruitment  of  the 
Estl  subunit  of  telomerase  has  recently  given  way  to  a  model 
of  more  complex  interactions  potentially  involving  multiple 
kinases,  rates  of  telomere  end  resection,  and  other,  possibly 
novel  intermediates  (Gao  et  al.  2010;  Martina  et  al.  2012; 
Wu  etal.  2013).  Moreover,  the  mechanism(s)  by  which  MRX 
and  Tell  are  targeted  to  short  telomeres  is  poorly  under¬ 
stood  but  likely  involves  constituents  of  the  shelterin  com¬ 
plex  (Marcand  et  al.  1997;  Teixeira  et  al.  2004). 

Despite  recent  characterizations  of  Mecl -independent 
roles  for  Tellp  in  the  DDR,  these  roles  are  apparently  either 


nonessential,  infrequently  utilized,  or  redundant  with  other 
pathways  as  the  fact  remains  that  the  loss  of  TEL1  alone 
does  not  confer  sensitivity  to  DNA-damaging  agents.  To 
comprehensively  characterize  the  contexts  by  which  Tellp 
fits  into  the  DNA  damage  response,  we  performed  genome¬ 
wide  screens  for  TEL1  genetic  interactions  that  cause  sensiti¬ 
vity  to  two  different  genotoxic  agents,  methyl  mefhanesulfonate 
(MMS)  and  ionizing  radiation  (IR) .  From  these  screens,  we 
have  identified  a  diverse  set  of  mutant  backgrounds  for 
which  TEL1  is  required  for  survival  upon  exposure  to  DNA 
damage.  We  report  that,  despite  the  diversity  of  tell -A  inter¬ 
actions  identified  here,  most  share  an  additional  common 
phenotype  of  an  exacerbated  telomere  defect. 

Materials  and  Methods 
Media  and  growth  conditions 

Yeast-extract-peptone-dextrose  (YEPD)  and  dropout  media 
have  been  previously  described  (Paulovich  et  al.  1998). 
MMS  and  hydroxyurea  (HU)  were  purchased  from  Sigma. 
YEPD  and  synthetic  plates  containing  MMS  were  freshly 
prepared  ~15  hr  prior  to  use. 

Yeast  strains  and  plasmids 

S.  cerevisiae  strains  used  in  this  study  are  listed  in  Table  1. 
Strain  BY4741  and  the  haploid  yeast  knockout  collection 
were  purchased  from  Open  Biosystems.  Plasmid  p4339 
and  strain  Y7092  were  gifts  from  Charles  Boone  and  Brenda 
Andrews.  Strain  SLY60  was  a  gift  from  Sang  Eun  Lee;  strain 
UCC3508  and  plasmid  pRS313-Y'  were  a  gift  from  Daniel 
Gottschling,  and  plasmid  pVL1107  was  a  gift  from  Vicki 
Lundblad.  All  gene  disruptions  were  achieved  by  homolo¬ 
gous  recombination  at  their  chromosomal  loci  by  standard 
polymerase  chain  reaction  (PCR) -based  methods  (Brachmann 
et  al.  1998).  Briefly,  a  deletion  cassette  with  a  0.5-kb  region 
flanking  the  target  ORF  was  amplified  by  PCR  from  the  cor¬ 
responding  xxx::kanMX  strain  of  the  deletion  array  (Open 
Biosystems)  and  transformed  into  the  target  strain  for  gene 
knockout.  The  primers  used  in  the  gene  disruptions  were 
designed  using  20-  to  23-bp  sequences  that  are  0.5  kb  up¬ 
stream  and  downstream  of  the  target  gene.  A  list  of  primer 
sequences  for  all  knockouts  used  in  this  study  is  available 
upon  request  from  the  authors. 

tell -A  double-deletion  library  construction 
and  screening 

The  synthetic  genetic  array  (SGA)  approach  was  used  to 
construct  a  tell -A  double-deletion  library  following  the  pro¬ 
tocol  described  in  Tong  and  Boone  (2006).  Library  replication 
was  performed  using  floating-pin  manual  replicators  (VP 
Scientific) .  For  the  IR  screen,  the  library  was  pin-replicated 
onto  fresh  YEPD  plates  and  exposed  to  gamma  irradiation 
using  a  Mark  II  137Cs  irradiator  (JL  Shepherd  &  Associates) 
operated  at  varying  dose  rates.  Plates  were  analyzed  by 
manual  inspection  at  24  and  36  hr  following  IR.  For  the 
MMS  screen,  the  library  was  pin-replicated  onto  plates 
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Table  1  S.  cerevisiae  strains 


Strain 


Genotype 


Source 


BY4741 

Y7092 

UCC3508 


SLY60 

yBPI  020-22 
yBP1406-08 
yBPI  416-18 

yBP1423 
yBP1490-91 
yBPI 502-04 
yBPI  505-07 

yBP1508-10 

yBPI  51 1-13 

yBPI  517-19 

yBPI  520-21 

yBPI  524-26 

yBPI  527-29 

yBPI 550-52 
yBPI 553-55 
yBPI  558-60 
yBPI  564-66 
yBPI  576-78 
yBPI  585-87 
yBP1608-10 
yBPI  61 1-13 
yBP1622-23 

yBPI  630-32 
yBP1633-35 
yBPI  636-38 

yBP1669-71 
yBPI 672-74 
yBP1681-83 
yBPI  684-86 
yBPI  714-1 6 
yBPI  717-19 
yBPI  720-22 
yBPI  738-40 
yBPI 787-89 
yBPI  790-92 
yBPI 793-95 
yBPI  796-98 
yBPI  799-1 801 
yBPI 802-04 
yBPI  805-07 
yBP1808-10 
yBPI  838-40 

yBPI 841 -43 


MATa  his3A  1  leu2A0  metl  5 AO  ura3A0 

MATa  can! Av.STE2pr-Sp_his5  lyplA  his3A1  Ieu2delta0  ura3A0  met15AO 
MATa/MATa  ura3-52/ura3-52  Iys2-801/lys2-801  ade2-101/ade2-101 
his3-A200/his3-A200  trpl-AI/TRPI  Ieu2-A1  /Ieu2-Al  adh4v. URA3-TEL/adh4vURA3-TEL 
DIA5-1  /DIA5-1  pprl v.HIS3/ppr1::LYS2  TLCI/tlcl  :LEU2 
MATA3' :intron:ura3A5'  hoA  hmlA:ADE1  hmrA:ADE1  adel-100  Ieu2-3,1 12  Iys5  trphhisG 
ura3A3' :intron:HOcs  ade3:GAL:HO 

MATa  canl A::STE2pr-Sp_his5  lyplA  his3A1  Ieu2delta0  ura3A0  met15A0  tellv.natMX 
MATa  his3A  1  leu2A0  metl 5 AO  ura3A0  hxt3v.URA3 

MATA3' :intron:ura3A5'  hoA  hmlA:ADE1  hmrA:ADE1  adel-100  Ieu2-3,1 12  Iys5  trpl.hisG 
ura3A3' :intron:HOcs  ade3:GAL:HO  telhnatMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3v.URA3  tell  v.natMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3::URA3  pop2vkanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3v.URA3  sap30v.kanMX 
MATA31  :intron:ura3A5'  ho  A  hmlA:ADE1  hmrA:ADEl  adel-100  leu2-3, 1 12  Iys5  trphhisG 
ura3A3' :intron:HOcs  ade3:GAL:HO  tell  v.natMX  radl  7v.kanMX 
MATA3' :intron:ura3A5'  hoA  hmlA:ADEl  hmrA:ADE1  adel -1 00  Ieu2-3,1 1 2  Iys5  trphhisG 
ura3A3' :intron:HOcs  ade3:GAL:HO  tell  v.natMX  ddcIv.kanMX 
MATA3'  :intron:ura3A5'  ho  A  hmlA:ADE1  hmrA:ADE1  adel-100  leu2-3, 1 12  Iys5  trphhisG 
ura3A3' :intron:HOcs  ade3:GAL:HO  tell  v.natMX  nup60::kanMX 
MATA3' :intron:ura3A5'  hoA  hmlA:ADEl  hmrA:ADE1  adel -1 00  Ieu2-3,1 1 2  Iys5  trpl :hlsG 
ura3A3' :lntron:HOcs  ade3:GAL:HO  tell  v.natMX  nup133v.kanMX 
MATA3' :intron:ura3A5'  hoA  hmlA:ADE1  hmrA:ADE1  adel-100  leu2-3, 1 12  Iys5  trphhisG 
ura3A3' :intron:HOcs  ade3:GAL:HO  tell  v.natMX  lsm7v.kanMX 
MATA3' :intron:ura3A5'  hoA  hmlA:ADEl  hmrA:ADE1  adel -1 00  Ieu2-3,1 1 2  Iys5  trphhisG 
ura3A3' :lntron:HOcs  ade3:GAL:HO  tell  v.natMX  sap30v.kanMX 
MATA3' :intron:ura3A5'  hoA  hmlA:ADEl  hmrA:ADE1  adel-100  leu2-3, 1 12  Iys5  trphhisG 
ura3A3' :lntron:HOcs  ade3:GAL:HO  tell  v.natMX  hda3v.kanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3v.URA3  rad17v.kanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3::URA3  nup60v.kanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3v.URA3  tell  v.natMX  radl  7::kanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3v.URA3  tellvnatMX  nup60v.kanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3v.URA3  tellvnatMX sap30v.kanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3::URA3  tell  vnatMX  hda3vkanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3v.URA3  nup133v.kanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3::URA3  tell  v.natMX  nupl 33v.kanMX 
MATA3'  :intron:ura3A5'  ho  A  hmlA:ADE1  hmrA:ADE1  adel-100  leu2-3, 1 12  Iys5  trphhisG 
ura3A3' :intron:HOcs  ade3:GAL:HO  tellv.natMX  pop2v.kanMX 
MATa  his3A  1  leu2A0  met!5A0  ura3A0  hxt3v.URA3  rad26v.kanMX 
MATa  his3A  1  leu2A0  met!5A0  ura3A0  hxt3::URA3  tell  v.natMX  rad26v.kanMX 
MATA3'  :intron:ura3A5'  ho  A  hmlA:ADE1  hmrA:ADE1  adel-100  leu2-3, 1 12  Iys5  trpl.hisG 
ura3A3' :lntron:HOcs  ade3:GAL:HO  tell  vnatMX  rad26v.kanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3v.URA3  ccr4vkanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3::URA3  tell  vnatMX  ccr4v.kanMX 
MATa  his3A  1  leu2A0  met!5A0  ura3A0  hxt3v.URA3  lsm7v.kanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3::URA3  tell  vnatMX  lsm7vkanMX 
MATa  his3A  1  leu2A0  met!5A0  ura3A0  hxt3v.URA3  hda3v.kanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3v.URA3  ddcIv.kanMX 
MATa  his3A  1  leu2A0  met!5A0  ura3A0  hxt3v.URA3  tellvnatMX  ddcIv.kanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3::URA3  tell  vnatMX  pop2vkanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3v.URA3  fyv4v.kanMX 
MATa  his3A  1  leu2A0  met!5A0  ura3A0  hxt3::URA3  tell  vnatMX  fyv4v.kanMX 
MATa  his3A  1  leu2A0  met!5A0  ura3A0  hxt3v.URA3  yku80v.kanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3::URA3  tell  vnatMX yku80v.kanMX 
MATa  his3A  1  leu2A0  met!5A0  ura3A0  hxt3v.URA3  rad27::kanMX 
MATa  his3A  1  leu2A0  met!5A0  ura3A0  hxt3v.URA3  tell  v.natMX  rad27::kanMX 
MATa  his3A  1  leu2A0  met!5A0  ura3A0  hxt3v.URA3  rad24v.kanMX 
MATa  his3A  1  leu2A0  met15A0  ura3A0  hxt3::URA3  tell  vnatMX  rad24vkanMX 
MATA3' :intron:ura3A5'  hoA  hmlA:ADE1  hmrA.ADEl  adel-100  Ieu2-3,1 12  Iys5  trphhisG 
ura3A3' :intron:HOcs  ade3:GAL:HO  tell  vnatMX  ccr4vkanMX 
MATA3'  :intron:ura3A5'  ho  A  hmlA:ADE1  hmrA:ADE1  adel-100  leu2-3, 1 12  Iys5  trphhisG 
ura3A3' :intron:HOcs  ade3:GAL:HO  yku80v.kanMX 


Open  Biosystems 
Tong  and  Boone  (2006) 
Singer  et  al.  (1 998) 


Lee  ef  al.  (2008) 

This  study 
This  study 
This  study 

This  study 
This  study 
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This  study 

This  study 

This  study 

This  study 
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This  study 
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This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
This  study 

This  study 
This  study 
This  study 

This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
This  study 

This  study 
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Table  1,  continued 


Strain 

Genotype 

Source 

yB  PI  844-46 

MATA3' :intron:ura3A5'  hoA  hmlA:ADE1  hmrA.ADEI  adel-100  leu2-3, 1 12  Iys5  trphhisG 
ura3A3' :intron:HOcs  ade3:GAL:HO  tell  v.natMX  yku80::kanMX 

This  study 

yBPI 847-49 

MATA3' :intron:ura3A5'  hoA  hmlA:ADE1  hmrA.ADEI  adel-100  leu2-3, 1 12  Iys5  trphhisG 
ura3A3'  .intron.HOcs  ade3:GAL:HO  rad27:.kanMX 

This  study 

yBP1850-52 

MATA3' :intron:ura3A5'  hoA  hmlA:ADE1  hmrA.ADEI  adel-100  leu2-3, 1 12  Iys5  trphhisG 
ura3A3' :intron:HOcs  ade3:GAL:HO  tell  v.natMX  rad27v.kanMX 

This  study 

yBPI  859-61 

MATA3' :intron:ura3A5'  hoA  hmlA:ADE1  hmrA.ADEI  adel-100  leu2-3, 1 12  Iys5  trphhisG 
ura3A3'  .intron.HOcs  ade3:GAL:HO  rad24::kanMX 

This  study 

yBPI  862-64 

MATA3' :intron:ura3A5'  hoA  hmlA:ADE1  hmrA.ADEI  adel-100  leu2-3, 1 12  Iys5  trpl.hisG 
ura3A3'  .intron.HOcs  ade3:GAL:HO  tell  vnatMX  rad24v.kanMX 

This  study 

containing  0.01%  and  0.03%  MMS,  grown  for  2  days  at  30°, 
and  analyzed  by  visual  inspection. 

MMS/IR  spot  and  colony  assays 

For  serial-dilution  spot  assays,  log-phase  cells  were  serially 
diluted  in  PBS  and  spotted  onto  YEPD  or  YEPD  +  MMS 
plates  using  a  pin  replicator.  A  subset  of  the  plates  was 
immediately  irradiated  using  the  conditions  described 
above.  Plates  were  incubated  at  30°  and  analyzed  by  visual 
inspection  at  24  and  36  hr. 

For  colony-based  survival  assays,  three  independent  trans¬ 
formants  were  analyzed  for  each  mutant,  along  with  wild- 
type  and  tell-A  controls.  Log-phase  cells  (~5  x  107  cells)  were 
sonicated  and  counted  using  a  Beckman-Dickinson  Coulter 
counter.  Cells  were  serially  diluted  in  PBS  and  plated  onto 
YEPD  or  YEPD  4-  MMS  plates.  For  analyzing  radiation  sensi¬ 
tivity,  cells  were  spread  on  YEPD  plates  and  the  plates  were 
subsequently  irradiated  as  described  above.  Viability  was  de¬ 
termined  by  plating  serial  dilutions  of  cultures  onto  YEPD  and 
scoring  the  number  of  colony-forming  units  (CFU)  after  3—4 
days  at  30°.  Viability  was  calculated  as  CFU/total  cells.  For 
experiments  utilizing  a  low  dose  rate  (0.9  Gy/min),  cells  were 
irradiated  in  5-ml  liquid  cultures  over  a  7.5-hr  period  prior 
to  plating  on  YEPD  to  assess  colony-based  survival.  In 
experiments  in  which  a  HU  pretreatment  was  used,  cells 
were  incubated  in  liquid  YEPD  media  +/—  HU  (Sigma)  at 
the  indicated  times.  Following  the  incubation  period,  cells 
were  washed  twice  with  PBS,  counted  by  Coulter  counter, 
serially  diluted,  and  plated  onto  YEPD  or  YEPD  +  MMS 
plates. 

Gross  chromosomal  rearrangement 
and  translocation  assays 

For  the  measurement  of  gross  chromosomal  rearrangement 
(GCR)  frequencies,  log-phase  cells  grown  at  30°  in  YEPD 
were  harvested,  sonicated,  and  counted  using  a  Coulter 
counter.  Cells  (1  x  108)  were  resuspended  in  20  ml  YEPD 
and  YEPD  +  0.003%  MMS  and  grown  at  30°  overnight.  At 
15  hr,  cells  were  washed  in  5%  Na2S03,  sonicated,  and 
counted  using  a  Coulter  counter.  Cells  (lx  109)  were  plated 
onto  C-Arg-Ser  +  canavanine  +  5-fluororotic  acid  (FOA)  to 
measure  GCR  events,  and  serial  dilutions  were  plated  onto 
YEPD  to  measure  cell  viability.  GCR  plates  were  incubated 


for  4—5  days  at  30°.  Viability  was  calculated  as  CFU/total 
cells,  and  MMS-induced  GCR  frequencies  were  normalized 
to  GCR  frequencies  from  untreated  cells. 

The  HO-inducible  translocation  assay  was  performed 
according  to  Lee  et  al.  (2008).  Briefly,  log-phase  cells  were 
sonicated,  cell  number  was  determined  using  a  Coulter 
counter  (Beckman  Dickinson),  and  serial  dilutions  were 
plated  on  C-Ura  dropout  plates  containing  galactose  to  in¬ 
duce  HO  expression.  Strain  growth  and  translocations  in  the 
absence  of  HO-induced  DSBs  were  measured  on  synthetic 
complete  media  and  C-Ura  plates  containing  glucose. 

Southern  blotting 

Southern  blotting  for  telomere  lengths  was  carried  out  using 
a  previously  described  DNA  probe  targeting  telomeric  Y' 
regions  (Singer  et  al.  1998).  DIG-labeled  probe  synthesis 
was  carried  out  by  PCR  using  the  Roche  DIG  Probe  Synthesis 
Kit  following  the  manufacturer’s  instructions.  Genomic  DNA 
was  prepared  using  a  Yeastar  genomic  DNA  kit  (Zymo  Re¬ 
search).  Genomic  DNA  preparations  were  digested  over¬ 
night  with  Xhol  (Invitrogen)  and  separated  on  1%  gels. 
Separated  DNA  molecules  were  transferred  onto  nylon 
membranes  via  blot  sandwich  overnight  in  20x  SSC  buffer. 
DNA  molecules  were  crosslinked  onto  the  membrane  using 
a  UV  crosslinker  (Fisher  Scientific)  at  60  mJ/cm2,  and  the 
membrane  was  incubated  with  the  Y'  telomeric  DIG-labeled 
probe  overnight.  Antibody  detection  of  the  DIG  probe 
was  performed  using  the  DIG  luminescent  detection  kit 
(Roche),  and  blots  were  imaged  on  a  ChemiDoc  XRS  system 
(Bio-Rad). 

Results 

Synthetic  genetic  array  screen  for  interactions  with 
tell-A  in  response  to  MMS  and  IR 

To  better  understand  the  extent  of  Tel  Ip’s  role  in  the  DDR, 
we  sought  to  characterize  mutant  backgrounds  in  which 
TEL1  is  required  for  survival  in  response  to  MMS  and/or 
ionizing  radiation.  To  achieve  this,  we  constructed  a  ge¬ 
nome-wide  double-deletion  library  by  mating  a  MATa  tell  -A 
strain  to  the  MATa  haploid  deletion  library  (Winzeler  et  al. 
1999)  using  the  SGA  procedure  developed  by  Tong  et  al. 
(2001)  and  Tong  and  Boone  (2006).  The  tell-A  xxx-A 
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double-deletion  library  was  screened  for  survival  on  YEPD 
plates  containing  either  0.01%  or  0.03%  MMS.  Plates  were 
examined  after  24  and  48  hr  by  visual  inspection  for  double 
mutants  that  exhibited  MMS  sensitivity.  Double-mutant 
strains  exhibiting  sensitivity  were  subsequently  spotted  in 
10-fold  serial  dilutions  along  with  the  parental  single¬ 
mutant  strains  on  YEPD  +  MMS  to  confirm  the  interaction. 
As  an  additional  verification  step,  we  remade  each  single 
and  double  mutant  by  PCR-mediated  transformation  in 
a  new  BY4741  parental  haploid  strain.  These  new  double¬ 
deletion  mutants  were  then  retested  by  serial-dilution  spot 
assay  on  MMS  plates  and  scored  by  visual  inspection.  Inter¬ 
actions  passing  this  second  criterion  were  then  subjected  to 
colony  survival  analyses  to  quantify  the  degree  of  interaction 
with  tell -A  on  MMS  plates.  After  validation,  13  gene  dele¬ 
tions  showed  enhanced  sensitivity  to  MMS  when  paired 
with  tell -A  (Figure  1A).  These  genes  include  multiple  sub¬ 
units  of  the  9-1-1  checkpoint  clamp  ( RAD17 ,  DDC1;  ~400- 
fold)  as  well  as  the  9-1-1  clamp  loader  RAD 24  (deletion 
of  the  third  subunit  mec3-A  grows  poorly  in  BY4741  and 
could  not  be  evaluated  in  the  SGA  screen)  and  members 
of  the  CCR4-NOT  deadenylase  complex  ( CCR4  and  POP2; 
6-  to  130-fold).  Additional  interactions  exhibiting  >  10-fold 
increases  in  MMS  sensitivity  were  between  TEL1  and  the 
base  excision  repair  endonuclease  RAD27  (~30-fold)  and 
the  histone  deacetylase  (HD  AC)  subunit  HD  A3  (~30-fold). 
Additional  genes  exhibiting  <  10-fold  interactions  with 
tell -A  consisted  of  two  nucleoporins  ( NUP60  and  NUP1331, 
the  nonhomologous  end-joining  (NHEJ)  repair  factor  YKU80, 
a  second  HDAC  subunit  ( SAP30 ),  the  RAD26  ATPase,  and 
a  member  of  the  Sm-like  mRNA  decay  family  ( LSM7 ).  We 
note  that,  in  the  initial  and  confirmative  screens,  an  addi¬ 
tional  tell -A  interaction  with  the  uncharacterized  FYV4  gene 
exhibited  a  growth  defect  with  tell-A  as  well  as  a  >  10-fold 
increase  in  MMS  sensitivity.  However,  the  FYV4  ORF  is  lo¬ 
cated  ~200  bp  upstream  of  the  transcription  start  site  of 
the  essential  mediator  subunit  MED6.  Transforming  the 
fyv4-A  tell  -A  strain  with  a  plasmid  containing  the  MED6  gene 
and  its  promoter  completely  abolished  the  growth  defect  and 
MMS  sensitivity  of  this  strain  (data  not  shown),  leading  us 
to  conclude  that  the  fyv4-A  gene  replacement  exerts  an  off- 
target  effect  on  the  essential  MED6  gene.  Due  to  these  com¬ 
plications,  the  FYV4/MED6  candidate  was  removed  from 
further  consideration  in  this  study. 

As  our  MMS  screen  revealed  a  diverse  set  of  interactions 
that  cause  enhanced  MMS  sensitivity  with  tell-A,  we  asked 
whether  a  different  set  of  mutants  would  interact  with  tell  -A 
in  response  to  a  different  DNA-damaging  agent,  7-irradiation. 
To  test  for  genetic  interactions  with  tell-A  in  ionizing  radi¬ 
ation,  the  tell-A  xxx-A  double-deletion  library  was  plated 
onto  YEPD  and  exposed  to  either  200  or  400  Gy  of  ionizing 
radiation.  In  contrast  to  the  MMS  screen,  only  the  9-1-1 
checkpoint  genes  radl7-A,  ddcl-A,  and  rad24-A  exhibited 
interactions  with  tell-A  in  response  to  IR,  and  these  interac¬ 
tions  were  minor  (<10-fold)  in  comparison  to  the  9-1-1-A  tell-A 
interactions  in  MMS  (>  100-fold)  (Figure  IB).  To  confirm  that 


the  tell-A  xxx-A  interactions  identified  in  the  MMS  sensitiv¬ 
ity  screen  were  indeed  not  also  sensitive  to  IR,  we  tested 
each  of  the  13  MMS-sensitive  tell-A  xxx-A  strains  for  IR 
sensitivity.  Consistent  with  the  screen  results,  only  the  9-1- 
1-A  tell-A  double  mutants  exhibited  enhanced  IR  sensitivity 
(Figure  IB). 

As  MMS  is  often  referred  to  as  a  “radiomimetic”  agent, 
the  finding  that  many  of  the  MMS  interactions  were  not 
recapitulated  using  IR  was  unexpected.  One  possible  expla¬ 
nation  for  this  is  that  the  400  Gy  of  IR  was  delivered  as 
a  pulse  over  a  short  period  of  time  (8  Gy/min),  while  for 
MMS  treatment  cells  were  grown  continuously  in  0.03% 
MMS.  [DNA  damage  phenotypes  can  differ  significantly 
when  the  agent  is  delivered  as  a  pulse  or  chronic  treatment 
(Murakami-Sekimata  et  al.  2010).]  To  test  this  hypothesis, 
three  of  the  tell  -A  xxx-A  double  mutants  identified  in  our 
screen  ( ccr4-A  tell-A,  hda3-A  tell-A,  and  radl7-A  tell-A ) 
were  examined  for  sensitivity  to  the  same  400-Gy  cumula¬ 
tive  dose  of  IR  (as  in  Figure  IB),  but  this  time  delivered 
chronically  over  a  period  of  7.5  hr  (0.9  Gy/min).  As  seen 
in  Figure  1C,  the  total  IR  sensitivity  for  wild-type  and  single¬ 
mutant  strains  was  increased  somewhat  in  the  chronic  ex¬ 
posure  relative  to  the  pulse  of  400  Gy  (Figure  IB);  however, 
no  additional  (i.e.,  aside  from  9-1-1)  interactions  with  tell-A 
were  observed,  and  the  radl7-A  tell-A  interaction  was  re¬ 
duced.  From  this,  we  conclude  that,  unlike  the  MMS  case, 
tell-A  interactions  in  IR  are  limited  to  mutations  in  the  9-1-1 
pathway. 

Loss  of  telomerase  is  associated  with  a  progressive 
increase  in  MMS  sensitivity 

Mammalian  cells  with  shortened  telomeres  exhibit  increased 
sensitivity  to  DNA-damaging  agents  via  an  as-yet-unknown 
mechanism  (Goytisolo  et  al.  2000;  Wong  et  al.  2000;  Gonzalez- 
Suarez  et  al.  2003;  Nakamura  et  al.  2005;  Agarwal  et  al. 
2008;  Soler  et  al.  2009;  Drissi  et  al.  2011;  Woo  et  al. 
2012).  Based  on  this  precedent,  we  hypothesized  that  re¬ 
sistance  to  DNA-damaging  agents  in  yeast  would  also  be 
tightly  linked  to  telomere  length  and  that  yeast  cells  would 
become  more  sensitive  to  DNA  damage  in  a  progressive 
manner  as  telomeres  shorten.  To  evaluate  this  possibility, 
we  employed  a  heterozygous  diploid  tlcl  strain,  which,  upon 
sporulation  into  haploid  progeny,  exhibits  progressive  telo¬ 
mere  shortening  that  leads  to  eventual  replicative  senes¬ 
cence  (Singer  and  Gottschling  1994).  After  inducing 
sporulation,  we  subcultured  TLC1  and  tlcl  haploid  progeny 
over  a  series  of  days,  and  each  day  we  removed  an  aliquot  of 
cells  for  testing  of  survival  on  YEPD  or  YEPD  +  MMS  plates. 
In  the  absence  of  MMS,  tlcl  strains  exhibited  progressive 
telomere  shortening  over  the  3-day  period,  while  telomere 
lengths  in  the  TLC1  strains  remained  unchanged  over  the 
same  period  (data  not  shown) .  When  tested  for  viability  on 
plates  containing  either  0.01%  or  0.03%  MMS,  TLC1  strains 
showed  minimal  MMS  sensitivity  that  was  unchanged  over 
the  course  of  the  experiment  (Figure  2) .  In  contrast,  the  tlcl 
mutant  strains  exhibited  a  progressive  and  dose-dependent 
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Figure  2  Telomerase-null  cells  exhibit  a  progressive  in¬ 
crease  in  MMS  sensitivity.  TLC1  and  tlcl  haploid  spores 
from  freshly  dissected  tetrads  were  subcultured  in  YEPD 
over  multiple  days.  Each  day,  an  aliquot  was  removed  and 
assayed  for  MMS  sensitivity  by  colony-forming  assay.  Error 
bars  represent  the  standard  deviation  of  values  from  three 
independent  spores. 


MMS  dose  (%) 


increase  in  MMS  sensitivity  that  was  most  pronounced  by 
day  3  on  0.03%  MMS  plates  (survival  rates  in  MMS  were 
normalized  to  rates  on  YEPD  alone  to  correct  for  MMS- 
independent  loss  of  viability) .  As  the  half-life  of  telomerase 
RNA  is  a  few  hours  (Chapon  et  al.  1997)  and  the  MMS 
sensitivity  manifests  after  days,  we  conclude  that  MMS  sen¬ 
sitivity  is  telomere  length-dependent  in  tlcl  cells,  rather 
than  due  to  TLC1  loss  alone.  These  results  raised  the  inter¬ 
esting  possibility  that  the  DNA  damage  sensitivity  exhibited 
by  the  identified  tell -A  xxx-A  interactions  results  from  an 
exacerbation  of  the  well-known  telomere  length  defect 
caused  by  loss  of  TEL1. 

Many  of  the  tell-A  MMS  interactions  exhibit 
shortened  telomeres 

As  cellular  sensitivity  to  MMS  increases  progressively  with 
telomere  shortening  (Figure  2),  we  hypothesized  that  some 
or  all  of  the  interactions  identified  in  the  tell-A  screen  ex¬ 
acerbate  the  tell  -mediated  telomere  length  defect  and  that 
this  may  be  a  cause  for  DNA  damage  sensitivity  in  these 
cells.  Thus  we  asked  whether  any  of  the  tell-A  xxx-A  double 
mutants  exhibited  telomere  lengths  that  were  significantly 
shorter  than  either  corresponding  single  mutant.  To  answer 
this  question,  we  isolated  genomic  DNA  from  single  and 
double  mutants  for  each  of  the  13  tell-A  xxx-A  interactions 
and  analyzed  Xho I  fragments  by  Southern  blotting  with  a  Y' 
subtelomeric  probe  (Singer  et  al.  1998).  As  expected  (Lustig 


and  Petes  1986;  Greenwell  et  al.  1995;  Morrow  et  al.  1995), 
the  tell-A  single  mutant  exhibited  shorter  telomere  lengths 
relative  to  a  wild-type  strain  (Figure  3).  Additionally,  a  num¬ 
ber  of  the  other  single  mutants  exhibited  shorter  telomere 
lengths  relative  to  the  wild  type,  including  yku80-A, 
rad27-A,  and  sap30-A,  with  the  yku80-A  mutant  being  the 
only  single  mutant  exhibiting  a  shorter  telomere  length  than 
tell-A  (Figure  3).  Notably,  the  9-1-1  mutants  ddcl-A  and 
radl  7- A  were  shown  in  a  previous  study  to  exhibit  a  minor 
telomere  defect  (Longhese  et  al.  2000).  However,  we  did  not 
observe  discernible  shortening  of  these  mutants  relative  to 
the  wild  type  (Figures  3  and  4);  this  may  reflect  differences 
in  the  strain  background  used  in  these  studies.  Notably,  the 
9-1-1 -A  tell-A  double  mutants  ( rad24-A  tell-A,  radl 7- A 
tell,  and  ddcl-A  tell-A )  exhibited  very  short  telomeres  rel¬ 
ative  to  tell-A,  and  a  second  class  consisting  of  sap30-A  tell-A, 
ccr4-A  tell-A,  pop2-A  tell-A,  hda3-A  tell-A,  nupl33-A  tell-A, 
nup60-A  tell-A,  rad27-A  tell-A,  and  yku80-A  tell-A  also 
exhibited  shorter  telomeres  relative  to  tell-A.  The  rad26-A 
tell-A  and  Ism7-A  tell-A  double  mutants  exhibited  telomere 
lengths  that  were  identical  to  tell-A.  Our  finding  that  11  of 
the  13  tell-A  xxx-A  interactions  exhibited  decreased  telo¬ 
mere  lengths  relative  to  tell-A  is  unexpected,  since  many 
of  identified  genes  play  no  known  role  in  telomere  metabo¬ 
lism.  To  exclude  the  possibility  that  the  tell-A  xxx-A  short 
telomere  phenotype  was  not  merely  an  artifact  due  to  a  pre¬ 
viously  characterized  phenotypic  lag  for  tell  telomeres 


Figure  1  Quantitative  survival  analysis  for  tell  interactions  in  MMS  and  IR  via  colony-forming  assay.  (A)  Quantitative  survival  analysis  in  MMS.  Log-phase 
cultures  for  three  independent  transformants  of  each  single  and  double  mutant  were  serially  diluted  in  PBS  and  spread  onto  YEPD  or  YEPD  +  0.03% 
MMS  plates  (asterisks  indicate  that  screening  was  done  in  0.01 5%  MMS  due  to  extreme  MMS  sensitivity).  Viable  cells  were  determined  by  the  number 
of  CFU  after  3  days  at  30°.  (B)  Quantitative  survival  analysis  in  IR.  Log-phase  cultures  for  three  independent  transformants  of  each  single  and  double 
mutant  were  serially  diluted  in  PBS  and  spread  onto  YEPD  plates  and  irradiated  at  400  Gy  at  8  Gy/min.  Viable  cells  were  determined  by  the  number  of 
CFU  after  3  days  at  30°.  Arrows  indicate  interactions  identified  in  the  genome-wide  screen.  Error  bars  represent  the  standard  deviation  of  values  from 
three  independent  transformants.  (C)  Quantitative  survival  analysis  using  continuous  low-dose-rate  IR.  Log-phase  cultures  for  two  independent  trans¬ 
formants  of  each  single  and  double  mutant  were  diluted  in  YEPD  in  15-ml  tubes  and  irradiated  with  400  Gy  delivered  at  a  continuous  dose  rate  of 
0.9  Gy/min  over  7.5  hr.  Following  delivery  of  IR,  cells  were  counted,  serially  diluted,  and  plated  for  colony  survival  analysis.  Error  bars  show  the  range  of 
values  for  two  independent  transformants. 


TEL1  Genetic  Interactions  in  MMS  1123 


rad17-A 


ddcl-A 


rad24-A 


1.2 

•»u 

ft*|  2 

lit, 

•• 

1.1 

0.7 

IIMj  «l 
:  ». 

1.8 

ccr4-A 

1.2 

Mil 

pop2-A 

•  1.8 

... 

»|| 

rad26-A  1J 

i.: 

8  ^ 

,  ImMu  j 

fill 

1.8 

sap30-A 

1.2 

# 

nup133-A 

.  •  1.8 

l  ®  i  .  ®  i.2 

r  l4ii 

hda3-A 

Mil  1 

•III  f 
4 

18| 

rad27-A 

1 .2 1 

*  ..  . 

nup60-A 

«•  1.8 

^  f  .  *1.2 

•III 

yku80-A 

“liH.,  j 

•  1.8 


I 

,  M 


Figure  3  Telomere  lengths  for  tell-A  MMS-sensitive  interactions.  For  each  strain,  Xhol-digested  DNA  was  analyzed  by  Southern  blot  using  a  probe 
complementary  to  the  Y'  subtelomere.  Each  xxx-A  mutant  is  listed  to  the  left  of  each  corresponding  blot,  and  duplicates  representing  independent 
transformants  for  each  strain  are  loaded  side  by  side  (duplicates  are  indicated  by  the  brackets  above).  DNA  ladders  (in  kb)  are  indicated  in  the  far  left  or 
right  lane  of  each  blot. 


[~150  generations  (Lustig  and  Petes  1986)],  we  examined 
telomere  lengths  for  a  selection  of  single  and  double  mutants 
over  additional  subculturing  for  a  period  of  5  days.  During  the 
repeated  subculturing,  we  did  not  observe  any  further 
changes  in  telomere  length  by  Southern  blot  (Figure  4).  From 
these  data,  we  conclude  that  the  majority  of  tell-A  interac¬ 
tions  identified  in  the  MMS  sensitivity  screen  also  confer 
shorter  telomeres,  suggesting  a  possible  connection  between 
the  two  phenotypes. 

Artificial  elongation  of  telomeres  in  tell-A  9-1-1-A 
mutants  partially  suppresses  MMS  sensitivity 

As  telomere  shortening  was  shown  to  be  causative  for  MMS 
sensitivity  in  the  tlcl  case  (Figure  2),  we  next  hypothesized 
that  the  exacerbated  telomere  defect  exhibited  by  the  ma¬ 
jority  of  tell-A  xxx-A  strains  (Figure  3)  may  be  causative  for 
enhanced  MMS  sensitivity.  Thus,  reversal  of  the  telomere 


length  defect  would  also  reduce  the  MMS  sensitivity  of  these 
mutants.  To  test  this,  we  transformed  each  of  the  tell-A 
xxx-A  single  and  double  mutants  with  a  plasmid  expressing 
a  fusion  of  the  Cdcl3  capping  protein  to  the  Est2  subunit  of 
telomerase  (Evans  and  Lundblad  1999).  This  fusion  has 
been  previously  shown  to  alleviate  the  short  telomere  phe¬ 
notype  in  a  tell  mutant  (Tsukamoto  et  al.  2001).  A  panel  of 
tell-A  xxx-A  mutant  strains  with  and  without  the  CDC13- 
EST2  plasmid  was  screened  for  sensitivity  by  spotting  cells 
on  MMS  plates  (supporting  information,  Figure  SI).  Of  the 
tested  tell-A  xxx-A  interactions,  the  rad24-A  tell-A  strain 
exhibited  a  visible  increase  in  survival  on  MMS  plates  when 
transformed  with  the  CDC13-EST2  fusion  plasmid  (and  not 
the  vector).  None  of  the  other  tell-A  xxx-A  interactions 
exhibited  any  change  in  MMS  sensitivity  upon  transforma¬ 
tion  with  CDC13-EST2.  We  confirmed  the  suppression  of 
MMS  sensitivity  in  rad24-A  tell-A  as  well  as  a  second  9-1-1 
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Figure  4  Repeated  subculturing  does  not  alter  telomere  lengths.  Wild- 
type,  tell -A,  rad17-A,  and  rad17-A  tell -A  cultures  were  diluted  in  fresh 
YEPD  media  and  grown  overnight.  Genomic  DNA  was  harvested  the 
following  day,  and  a  portion  of  the  cells  was  diluted  in  fresh  medium 
and  cultured  overnight.  The  process  was  repeated  over  a  period  of  5  days 
(D1-D5).  Xbol-digested  DNA  was  analyzed  by  gel  electrophoresis  and 
Southern  blotting  with  a  probe  recognizing  subtelomeric  Y'  sequence. 
Molecular  weight  markers  are  indicated  on  the  left  (in  kb). 

component  ( radl7-A  tell -A)  by  a  quantitative  colony-forming 
assay  (Figure  5,  A  and  B),  and  again  the  fusion  plasmid 
conferred  discernible  (but  not  total)  resistance  to  MMS 
(11-fold  for  rad24-A  tell -A  and  4-fold  for  radl7-A  tell -A  vs. 
the  vector).  Telomeres  in  these  strains  were  significantly 
elongated  to  wild-type  levels  by  addition  of  the  CDC13- 
EST2  fusion  and  were  hyper-elongated  in  wild-type  and 
tell -A  strains  (Figure  5C).  ( CDC13-EST2  was  able  to  elon¬ 
gate  telomeres  to  an  identical  degree  in  other  non-9-1-1- 
related  tell  -A  xxx-A  interactions  (not  shown)  despite  having 
no  effect  on  MMS  resistance.)  While  expression  of  CDC13- 
EST2  suppresses  strong  (>100-fold)  MMS  sensitivity  in  9-1- 
1-A  tell-A  interactions  by  ~10-fold  (Figure  5),  the  fact  that 
this  suppression  is  not  total  and  that  CDC13-EST2  expression 
does  not  affect  the  MMS  sensitivity  of  the  other  tell  -A  xxx-A 
interactions  suggests  that  there  are  additional  telomere- 
length-independent  defects  that  contribute  to  the  MMS 
sensitivity  of  tell-A  xxx-A  interactions. 

tell-A  xxx-A  interactions  do  not  affect  the  frequency 
of  NHEJ-mediated  translocations 

Lee  et  al.  (2008)  previously  described  an  11-fold  increase  in 
the  frequency  of  DSB-induced,  NHEJ-mediated  translocations 


for  a  tell  -A  mutant,  reflecting  a  role  for  TEL1  in  preventing 
deleterious  chromosomal  fusions  through  an  as-yet-undefined 
mechanism.  That  a  tell-A  strain  is  not  sensitive  to  DNA- 
damaging  agents  despite  this  defect  suggests  that  the  occur¬ 
rence  of  these  events  even  in  the  presence  of  DNA-damaging 
agents  is  a  rarity.  Thus,  one  possibility  is  that  the  tell  -A  xxx- 
A  interactions  identified  here  may  increase  cellular  depen¬ 
dence  on  TEL1  to  prevent  deleterious  chromosomal  fusions. 
We  tested  this  possibility  by  determining  whether  the  tell  -A 
xxx-A  double  mutants  experience  enhanced  frequencies 
(compared  to  tell )  of  chromosomal  translocations.  We 
cloned  each  of  the  13  single  mutants  and  tell-A  xxx-A  dou¬ 
ble  mutants  into  a  strain  background  harboring  the  trans¬ 
location  assay  construct  (Lee  et  al.  2008)  that  employs  two 
GAL-inducible  HO  cuts  on  chromosomes  V  and  VII,  where 
each  breakpoint  contains  a  nonfunctional  fragment  of  the 
URA3  gene.  Translocations  are  measured  by  the  reconstitu¬ 
tion  of  a  functional  URA3  allele,  which  is  dependent  on 
Ku70/80-mediated  NHEJ  (Lee  et  al.  2008).  We  measured 
the  frequency  of  translocations  after  the  induction  of  GAL- 
HO  for  the  panel  of  tell-A  xxx-A  interaction  strains  (Figure 
6).  While  we  were  able  to  reproduce  the  Ku-dependent  in¬ 
crease  in  Ura+  translocations  for  tell-A,  none  of  the  other 
double  mutants  exhibited  frequencies  that  differed  from 
tell-A.  From  this  we  conclude  that  an  increased  frequency 
of  DSB-induced  chromosomal  translocations  is  unlikely  to  be 
the  cause  of  the  MMS  sensitivity  exhibited  by  tell-A  xxx-A 
interactions.  This  is  supported  by  the  fact  that  the  tell-A 
xxx-A  MMS  interactions  were  also  largely  insensitive  to  IR 
(Figure  1),  which  directly  induces  DSBs  [whether  or  not 
MMS  produces  DSBs  is  a  current  source  of  controversy 
(Lundin  et  al.  2005)]. 

GCRs  in  tell-A  xxx-A  strains 

Kolodner  and  colleagues  have  previously  shown  that  one 
double  mutant  identified  in  this  screen  ( rad24  tell )  causes 
an  increased  frequency  of  spontaneous  chromosome  break¬ 
age  and  rearrangement  involving  the  left  arm  of  chro¬ 
mosome  V  (the  GCR  arrangement  assay)  (Myung  and 
Kolodner  2002).  As  MMS  has  also  been  shown  to  induce 
higher  GCR  frequencies  (Myung  and  Kolodner  2003; 
Stellwagen  et  al.  2003),  we  asked  whether  the  MMS  sensi¬ 
tivity  exhibited  by  the  tell  -A  xxx-A  double  mutants  may  re¬ 
flect  an  increased  frequency  of  MMS-induced  genome 
rearrangements.  To  do  this,  we  grew  single-  and  double¬ 
mutant  strains  in  the  presence  of  0.003%  MMS  for  15  hr 
to  induce  GCR  events,  which  were  detected  by  selecting  for 
the  loss  of  two  nearby  markers  (CAN!  and  URA3 )  on  the  left 
arm  of  chromosome  V,  as  previously  described  (Chen  and 
Kolodner  1999).  The  0.003%  MMS  exposure  resulted  in  an 
~10-fold  induction  of  GCR  events  for  wild-type  cells.  For  the 
tell-A  xxx-A  double  mutants,  members  of  the  9-1-1  complex 
showed  an  ~300-fold  induction  of  MMS-induced  GCR 
events  when  combined  with  tell-A  (Figure  7A).  The 
rad27-A  tell-A  mutant  and  nup60-A  tell-A  each  showed 
a  minor  ~5-fold  increase  in  MMS-induced  GCR.  None  of 
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Figure  5  Suppression  of  MMS  sensitivity  in  rad24-A 
tell -A  and  rad17-A  tell -A  by  a  CDC13-EST2  fusion  plas¬ 
mid.  (A  and  B)  Strains  of  the  indicated  genotype  were 
transformed  either  with  an  empty  vector  or  with 
a  CDC13-EST2  fusion  plasmid  (pVL1107)  and  screened 
for  MMS  sensitivity  by  colony-forming  assay  on  MMS 
plates.  Error  bars  represent  the  standard  deviation  of  val¬ 
ues  from  three  independent  transformants.  (C)  Telomere 
lengths  for  tell -A  interactions  with  or  without  the  CDC13- 
EST2  fusion  plasmid.  Cells  with  the  CDC13-EST2  fusion 
plasmid  or  empty  vector  were  propagated  on  -Leu  media 
and  diluted  in  fresh  rich  medium  overnight.  Genomic  DNA 
was  harvested  the  following  day  and  analyzed  by  electro¬ 
phoresis  and  Southern  blotting.  The  blot  was  probed  with 
sequence  complementary  to  a  region  in  the  Y'  subtelo- 
meric  element. 
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translocation  frequency  (Ura+) 


Figure  6  HO-induced  translocation  frequency  for  tell-A 
interactions.  NHEJ-mediated  translocation  frequency  for 
tell-A  double  mutants  following  GAL-HO  induction  of 
DSBs  on  chromosome  V  and  chromosome  VII.  Frequencies 
are  measured  as  the  fraction  of  colonies  that  survive 
on  -Ura  plates.  Error  bars  indicate  the  standard  deviation 
of  values  from  three  independent  transformants. 


the  other  double  mutants  exhibited  an  increased  GCR  fre¬ 
quency  (Figure  7A).  From  these  data,  we  conclude  that 
a  subset  of  tell-A  xxx-A  interactions  ( radl7-A  tell-A,  ddcl-A 
tell-A,  rad24-A  tell-A,  rad27-A  tell-A,  and  nup60-A  tell-A ) 
exhibit  increased  genome  instability  as  measured  by  the 
GCR  assay. 

As  restoration  of  telomere  lengths  through  addition  of  the 
CDC13-EST2  fusion  plasmid  restored  a  proportion  of  MMS 
resistance  to  the  9-1-1 -A  tell-A  mutant  strains,  we  asked 
whether  the  CDC13-EST2  fusion  would  also  suppress  the  in¬ 
creased  MMS-induced  GCR  frequency  of  a  9-1-1 -A  tell-A 
mutant  as  well.  We  tested  a  radl7-A  tell-A  mutant  along 
with  the  corresponding  single  mutants  for  the  induction  of 
GCR  events  with  or  without  the  fusion  construct.  As  can  be 
seen  in  Figure  7B,  the  radl7-A  tell-A  double-mutant  strain 
harboring  the  fusion  plasmid  had  a  reduced  GCR  frequency 
relative  to  the  same  strain  carrying  an  empty  vector.  Consis¬ 
tent  with  a  partial  reduction  in  MMS  sensitivity,  the  CDC13- 
EST2  fusion  did  not  completely  abolish  MMS-induced  gross 
chromosomal  rearrangements  in  the  radl7-A  tell-A  strain. 
From  these  data,  we  conclude  that  a  proportion  of  the  MMS 
sensitivity  exhibited  by  9-1-1  -A  tell-A  strains  is  due  to  MMS- 
induced  genomic  instability  that  is  caused  by  telomere  short¬ 
ening.  However,  much  of  the  increased  GCR  in  9 -1-1 -A  tell-A 
is  unexplained  by  telomere  length  effects;  thus  additional 
mechanisms  (i.e.,  aside  from  altered  telomere  length)  con¬ 
tribute  to  the  sensitivity  of  tell-A  xxx-A  interactions. 

A  tell-A  strain  is  rendered  sensitive  to  MMS 
by  predepletion  of  nucleotide  pools 

Prior  studies  have  implicated  both  the  9-1-1  complex  and  the 
CCR4-NOT  complex  as  key  regulators  of  ribonucleotide  reduc¬ 
tase,  and  mutants  in  these  pathways  exhibit  depleted  nucleo¬ 
tide  pools  and  are  sensitive  to  replication  stress  (Zhao  et  al. 


2001;  Westmoreland  et  al  2004;  Mulder  et  al.  2005;  Traven 
et  al.  2005;  Woolstencroft  et  al.  2006).  Moreover,  a  ccr4-A 
tell  -A  strain  has  been  previously  shown  to  exhibit  enhanced 
sensitivity  to  the  ribonucleotide  reductase  inhibitor  hydroxy¬ 
urea  (Woolstencroft  et  al.  2006) .  Thus  we  hypothesized  that 
a  decrease  in  dNTP  pools  in  9-1-1-A  tell-A  and  ccr4-A/pop2-A 
tell-A  may  contribute  to  the  MMS  sensitivity  exhibited  by 
these  strains.  From  this,  we  predicted  that  depletion  of  nucle¬ 
otide  pools  ( e.g .,  by  pretreating  cells  with  hydroxyurea)  in 
tell-A  cells  should  phenocopy  deletion  of  CCR4  in  a  tell-A 
background,  thus  sensitizing  tell  -A  cells  to  MMS.  To  test  this 
prediction,  wild-type  and  tell-A  cells  were  cultured  in  rich 
medium  with  0,  50,  or  150  mM  HU  for  a  period  of  4  hr,  after 
which  the  HU  was  removed,  and  cells  were  plated  onto  MMS 
plates  to  assess  viability.  As  expected,  the  MMS  sensitivity  of 
a  wild-type  strain  does  not  change,  regardless  of  whether  the 
cells  have  been  pretreated  with  HU  (Figure  8).  In  contrast, 
while  a  tell-A  strain  is  insensitive  to  the  HU  pretreatment 
alone,  when  HU  pretreatment  is  followed  by  plating  on 
MMS  plates,  tell-A  cells  exhibit  enhanced  MMS  sensitivity 
in  a  dose-dependent  manner,  with  the  greatest  MMS  sensitiv¬ 
ity  observed  in  150  mM  HU  (Figure  8).  From  this  we  conclude 
that  depletion  of  nucleotide  pools  renders  tell-A  sensitive  to 
the  DNA-damaging  agent  MMS,  consistent  with  a  model  in 
which  increased  replication  stress  contributes  to  the  MMS 
sensitivity  exhibited  by  the  9-1-1-A  tell-A  and  ccr4-A  tell-A/ 
pop2-A  tell-A  mutants  (and  possibly  other  tell -A  xxx-A  double 
mutants  isolated  in  the  screen;  see  Discussion ). 

Discussion 

Categorizing  the  tell-A  interactions 

While  a  tell-A  mutant  exhibits  interactions  with  a  diverse 
set  of  13  mutants,  we  found  that  these  interactions  fell  into 
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Figure  7  GCR  frequency  in  0.003%  MMS.  (A)  GCR  frequency  for  tell-A  interactions.  Strains  were  grown  in  YEPD  +  0.003%  MMS  for  15  hr  and 
subsequently  plated  onto  C-Arg-Ser  +  canavanine  +  5-FOA  to  simultaneously  select  for  the  loss  of  CAN1  and  URA3  markers  on  the  left  end  of 
chromosome  V.  Error  bars  represent  standard  deviations  from  two  independent  cultures  per  strain,  each  plated  two  times.  The  rad27-A  mutants  are 
plotted  separately  due  to  scale.  (B)  GCR  frequency  in  0.003%  MMS  with  or  without  the  CDC1 3-EST2  fusion  plasmid.  The  indicated  strains  containing 
either  an  empty  vector  (black  bars)  or  the  CDC13-EST2  fusion  (gray  bars)  were  grown  in  YEPD  +  0.003%  MMS  for  1 5  hr  and  subsequently  plated  onto 
C-Arg-Ser  +  canavanine  +  5-FOA  to  select  for  simultaneous  loss  of  CAN 7  and  URA3  markers.  Error  bars  represent  standard  deviations  from  two 
independent  cultures  per  strain,  each  plated  two  times. 


three  phenotypic  classes  based  upon  our  follow-up  charac¬ 
terizations  (Table  2).  The  first  class  is  composed  of  mutants 
in  the  9-1-1  complex  {radl7-A  and  ddcl-A )  and  the  9-1-1 
clamp  loader  ( rad24-A );  these  tell-A  interactions  conferred 
a  rather  large  (>  100-fold)  increase  in  MMS  sensitivity  (Fig¬ 
ure  1A),  cross-sensitivity  to  IR  (Figure  1,  B  and  C),  a  pro¬ 
nounced  telomere  defect  (Figure  3),  and  a  synergistic 
increase  in  GCR  events  (Figure  7).  For  this  class,  the  DNA 
damage  sensitivity  and  the  increase  in  GCR  frequencies  were 
partially  suppressed  by  elongating  telomeres  using  the 
CDC13-EST2  fusion  construct  (Figures  5  and  7B).  The  second 


class  of  interactions  comprises  ccr4-A,  pop2-A,  sap30-A, 
hda3-A,  yku80-A,  rad27-A,  nupl33-A,  and  nup60-A  (Table 
2);  these  exhibited  a  somewhat  milder  interaction  with 
tell-A  in  MMS  and  no  cross-sensitive  interactions  to  IR, 
but  exhibited  a  discernible  telomere  length  defect  with 
tell-A  (Figure  3).  The  third  class  of  mutants,  rad26-A  and 
Ism7-A,  showed  similar  characteristics  to  class  2,  but  did  not 
exhibit  any  discernible  telomere  length  defect  (Figure  3). 
There  is  likely  some  overlap  between  these  classes  in  the 
mechanism  that  causes  their  interactions  with  tell-A  (dis¬ 
cussed  below). 
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Figure  8  MMS  sensitivity  following  pretreatment  with  HU.  The  indicated 
strains  were  grown  in  the  presence  of  the  indicated  dose  of  HU  for  4  hr  to 
deplete  nucleotide  pools.  Cells  were  then  washed  two  times  and  plated 
onto  MMS  plates  to  assay  MMS  sensitivity  by  colony-forming  assay.  The 
error  bars  indicate  the  standard  deviation  of  values  from  three  indepen¬ 
dent  cultures. 

A  replication  defect  underlies  sensitivity  to  MMS  in 
multiple  classes  of  tell -A  interactions 

While  the  tell -A  interactions  composing  classes  1  and  2 
(Table  2)  exhibit  shortened  telomeres  relative  to  the  corre¬ 
sponding  single  mutants,  only  in  the  class  1  case  is  MMS 
sensitivity  suppressed  by  telomere  elongation  (Figure  5), 
and  even  in  this  class  of  double  mutants  the  suppression  is 
modest.  While  it  is  formally  possible  that  telomere  elonga¬ 
tion  due  to  the  expression  of  the  CDC13-EST2  fusion  creates 
a  structure  that  is  somehow  physiologically  different  from 
a  natural  telomere  and  thus  is  not  a  good  substitute,  a  more 
straightforward  model  is  that  only  a  minor  proportion  of 
MMS  sensitivity  is  directly  caused  by  telomere  shortening 
in  class  1  mutants,  while  the  majority  of  MMS  sensitivity 
in  these  and  other  tell -A  xxx-A  interactions  reflects  an  un¬ 
derlying  replication  defect  that  manifests  a  dual-pronged 
effect  on  telomere  metabolism  and  MMS  resistance. 

Our  data  (and  other  studies)  support  a  model  in  which 
increased  replication  stress,  combined  with  a  tell -A -mediated 
defect  in  replication  fork  stability,  causes  both  MMS  sensitivity 


and  telomere  shortening  in  tell -A  xxx-A  interactions.  First, 
aside  from  a  modest  effect  in  the  class  1  mutants,  none  of  the 
identified  in  tell -A  xxx-A  interactions  exhibit  cross-sensitivity  to 
ionizing  radiation,  regardless  of  whether  the  IR  was  admin¬ 
istered  as  a  pulse  (Figure  IB)  or  as  chronic  treatment  (Figure 
1C).  Unlike  MMS  treatment,  IR  does  not  induce  detectable 
replication  fork  stalling  (Merrick  et  al.  2004),  so  while  there  is 
a  minor  IR  interaction  in  tell-A  9-1-1-A  cells  (Figure  1,  B  and 
C)  (likely  through  an  additive  defect  in  Mecl/Tell  DSB  sens¬ 
ing),  replication  fork  stalling/ collapse  is  the  likely  major  le¬ 
thal  lesion  in  tell-A  xxx-A  interactions.  Additionally,  recent 
studies  have  uncovered  a  TEL  1  -dependent  role  in  the  preser¬ 
vation  of  fork  stability  through  the  prevention  of  fork  rever¬ 
sion  and  degradation  into  abnormal  cruciform  structures 
(Doksani  et  al.  2009).  Consistent  with  this,  Kaochar  et  al. 
(2010)  showed  that  tell-A  exhibits  an  increased  frequency 
of  dicentric  chromosomes  due  to  the  fusion  of  inverted  re¬ 
peats  likely  due  to  fork  reversion.  As  the  reason  why  tell-A 
cells  exhibit  short  telomeres  is  poorly  understood,  it  is  for¬ 
mally  possible  that  a  failure  to  preserve  fork  stability  in  telo- 
meric  regions  in  tell  -A  cells  is  causative  for  the  short  telomere 
phenotype  [telomeres  are  enriched  for  replication  pause  sites 
such  as  G-quadruplex  structures  (Ivessa  et  al.  2002;  Bochman 
etal.  2012)]. 

Many  of  the  tell-A  interactions  identified  in  the  MMS 
screen  fit  a  model  for  increased  replication  stress.  Members 
of  class  1  (9-1-1  components)  (Table  2)  are  required  for  the 
MEC1  -dependent  degradation  of  the  ribonucleotide  reduc¬ 
tase  inhibitor  Smll  following  MMS  treatment  (Zhao  et  al. 
2001;  Chabes  et  al.  2003);  the  resultant  increase  in  dNTP 
production  following  this  process  is  thought  to  facilitate 
DNA  synthesis  at  stalled  forks  to  prevent  fork  collapse 
(Fasullo  et  al.  2010).  In  addition,  members  of  class  2 
( CCR4  and  POP2,  members  of  the  CCR4-NOT  deadenylation 
complex)  are  known  regulators  of  ribonucleotide  reductase, 
and  mutants  in  ccr4-A  and  pop2-A  are  sensitive  to  replica¬ 
tion  inhibitors  such  as  HU  (Westmoreland  et  al.  2004; 
Mulder  et  al.  2005;  Traven  et  al.  2005;  Woolstencroft 


Table  2  Tabulation  of  phenotypes  for  tell-A  interactions  identified  in  the  MMS  screen 


Strain 

MMS  interaction 

IR  interaction 

GCR 

Short  telomere 

CDC13-EST2  rescue 

Description 

Class  1 

rad24-Atel1-A 

++ 

+ 

++ 

+  + 

+/- 

9-1-1  complex 

rad!7-Atell-A 

++ 

+ 

+  + 

+  + 

+/- 

9-1-1  complex 

ddcl-Atell-A 

++ 

+ 

+  + 

+  + 

+/- 

9-1-1  complex 

Class  2 

nup60-Atel1-A 

+ 

— 

+ 

+ 

— 

Nucleoporin 

rad27-AtelTA 

+ 

— 

+ 

+ 

— 

Flap  endonuclease 

sap30-AtelTA 

+ 

— 

— 

+ 

— 

Deacetylase 

pop2-Atel1-A 

+ 

— 

— 

+ 

— 

Deadenylase 

ccr4-Atel1-A 

+ 

— 

— 

+ 

— 

Deadenylase 

hda3-Atell-A 

+ 

— 

— 

+ 

— 

deacetylase 

yku80-A  tell-A 

+ 

— 

— 

+ 

— 

NHEJ 

nup133-Atel1-A 

+ 

— 

— 

+ 

— 

Nucleoporin 

Class  3 

lsm7-Aten~A 

+ 

— 

— 

— 

— 

mRNA  decap 

rad26-Atel1-A 

+ 

— 

— 

— 

— 

TCR 

For  each  of  the  tell-A  xxx-A  genetic  interactions  identified  in  the  MMS  screen  a  "+"  indicates  whether  a  double  mutant  exhibited  a  positive  result  in  each  of  the  assays  tested 
{e.g.,  increased  GCR  frequency,  shorter  telomere,  etc.);  a  "++"  indicates  a  more  severe  phenotype;  and  a  indicates  partial  suppression.  TCR,  transcription-coupled 

repair. 
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et  al.  2006).  As  telomere  shortening  has  recently  been 
shown  to  occur  upon  dNTP  depletion  (Gupta  et  al.  2013), 
it  is  likely  that  the  short  telomeres  in  CCR4-NOT  and  9-1-1 
mutants  are  at  least  partially  due  to  this  mechanism.  Con¬ 
sistent  with  a  model  for  increased  replication  stress  in  tell -A 
xxx-A  cells,  depleting  nucleotide  pools  by  pretreatment  with 
HU  (effectively  phenocopying  the  loss  of  9-1-1  or  CCR4/ 
POP2 )  sensitizes  tell -A  cells  to  MMS  in  a  dose-dependent 
manner,  whereas  a  wild-type  strain  is  unaffected  by  the  HU 
pretreatment  (Figure  8). 

Other  mutants  composing  class  2  are  also  linked  to 
preventing  replication  stress  via  counteracting  fork  regres¬ 
sion  [ RAD27  (Kang  et  al.  2010)]  or  stabilizing  sites  of  active 
transcription  [ NUP60/NUP133  (Palancade  etal.  2007;  Bermejo 
et  al.  2011)].  Additionally,  the  mutants  composing  class 
3  (Table  2)  are  linked  to  increased  replication  stress  due  to 
defects  in  histone  regulation  [ LSM7  (Herrero  and  Moreno 
2011;  Tkach  et  al.  2012)]  or  through  defective  targeting  of 
transcription-coupled  repair  [RAD26  (Kapitzky  et  al.  2010; 
Malik  etal.  2010)]. 

Progressive  telomere  shortening  is  a  cause 
for  MMS  sensitivity 

Recently,  numerous  studies  have  described  a  connection 
between  short  telomeres  and  enhanced  sensitivity  to  DNA- 
damaging  agents  across  a  variety  of  organisms  (Wong  et  al. 
2000;  Lin  et  al.  2009;  Soler  et  al.  2009;  Drissi  et  al.  2011); 
the  reason  for  this  relationship  is  poorly  understood.  Here, 
we  show  that,  in  yeast,  cellular  sensitivity  to  MMS  progres¬ 
sively  increases  as  telomeres  shorten  (Figure  2),  suggesting 
that  the  progressive  loss  of  telomere  protection  renders  cells 
sensitive  to  MMS.  In  concordance  with  this,  a  proportion  of 
MMS  sensitivity  and  genome  instability  can  be  suppressed  in 
9-1-1 -A  tell -A  mutants  by  alleviating  the  short  telomere 
phenotype  in  these  cells  (Figures  5  and  7B). 

There  are  multiple  possible  mechanisms  for  how  short 
telomeres  cause  MMS  sensitivity.  Loss  of  telomeric  pro¬ 
tection  can  render  telomeres  as  targets  for  the  DDR,  and  the 
loss  of  telomerase  activity  is  associated  with  a  gradual 
increase  in  constitutive  Rad53  phosphorylation  (Grandin 
et  al.  2005);  accordingly,  in  telomerase-deficient  cells  telo¬ 
meres  are  enriched  for  DDR  proteins  while  nontelomeric 
DSBs  exhibit  reduced  binding  of  DDR  factors  (Lin  et  al. 
2009).  Thus,  the  recruitment  of  DDR  factors  to  short  telo¬ 
meres  may  interfere  with  the  ability  of  the  cell  to  cope  with 
MMS-induced  stress  elsewhere  in  the  genome.  Alternatively, 
de-protected  telomeres  themselves  may  be  problematic  in 
the  presence  of  MMS  due  to  the  potential  for  lethal  chromo¬ 
somal  fusions  with  DSBs  resulting  from  MMS-induced  col¬ 
lapsed  forks.  Supporting  this,  a  subset  of  GCR  events  can 
be  suppressed  by  elongating  telomeres  in  9-1-1 -A  tell -A 
(Figure  7B),  and  a  previous  study  has  shown  that  a  9-1- 
1-A  tell -A  double  mutant  exhibits  an  increased  frequency 
of  spontaneous  telomere-telomere  fusions  that  can  also  be 
suppressed  by  elongating  telomeres  (Mieczkowski  et  al. 
2003). 


For  the  other  identified  interactions  (class  2,  Table  2), 
despite  a  lack  of  MMS  suppression  by  CDC13-EST2,  the  telo¬ 
mere  defect  in  these  cells  may  still  be  a  cause  of  MMS  sen¬ 
sitivity.  For  example,  an  increase  in  ssDNA  at  telomeres 
would  create  a  structure  that  is  more  susceptible  to  MMS- 
induced  lesions  [fork-blocking  lesions  occur  predominantly 
in  ssDNA  in  MMS  (Shrivastav  et  al.  2010)].  Accordingly, 
a  rad27  mutant  is  associated  with  abnormally  large  regions 
of  ssDNA  in  telomeres  (Parenteau  and  Wellinger  1999).  As 
DNA  damage  in  telomeres  has  recently  been  shown  to  be 
uniquely  irreparable  (Fumagalli  et  al.  2012),  it  is  likely  that 
telomeres  exhibiting  abnormal  structures  are  both  more  sus¬ 
ceptible  to  MMS-induced  damage  and  less  able  to  survive  it. 

Implications  of  the  tell-A  screen  for  mammalian  cells 

From  this  study,  we  show  that  tell-A  cells  are  rendered 
sensitive  to  MMS  by  increased  replication  stress  or  exacer¬ 
bation  of  the  short  telomere  phenotype.  Thus,  targeting 
these  mechanisms  may  be  an  effective  strategy  for  killing 
tumor  cells  that  have  lost  ATM  activity.  Intriguingly,  a  recent 
study  found  that  the  specific  combination  of  an  ATM  (TEL1 
ortholog)  inhibitor  drug  combined  with  a  telomerase  in¬ 
hibitor  rendered  tumor  cells  extremely  sensitive  to  the 
chemotherapy  agent  etoposide  (Tamakawa  et  al.  2010). 
Furthermore,  based  on  the  replication  stress  model  de¬ 
scribed  above,  targeting  ATM  for  inhibition,  combined  with 
agents  such  as  MMS,  would  be  expected  to  confer  a  syner¬ 
gistic  effect  in  cells  experiencing  oncogene-induced  replica¬ 
tion  stress. 
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Figure  SI  MMS  sensitivity  with  or  without  the  CDC13-EST2  fusion  construct.  Strains  containing  either  an  empty  vector  or  a  CDC13-EST2  fusion  plasmid  were  cultured  in  selective  media, 
serially  diluted  and  spotted  onto  YEPD+/-  MMS  plates.  An  asterisk  indicates  that  0.005%  MMS  plates  were  used  due  to  strain  sensitivity. 
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Cells  employ  error-free  or  error-prone  postreplication  repair  (PRR)  processes  to  tolerate  DNA  damage.  Here,  we  present  a  ge¬ 
nome-wide  screen  for  sensitivity  to  0.001%  methyl  methanesulfonate  (MMS).  This  relatively  low  dose  is  of  particular  interest 
because  wild-type  cells  exhibit  no  discernible  phenotypes  in  response  to  treatment,  yet  PRR  mutants  are  unique  among  repair 
mutants  in  their  exquisite  sensitivity  to  0.001%  MMS;  thus,  low-dose  MMS  treatment  provides  a  distinctive  opportunity  to  study 
postreplication  repair  processes.  We  show  that  upon  exposure  to  low-dose  MMS,  a  PRR-defective  radl8\  mutant  stalls  into  a 
lengthy  G2  arrest  associated  with  the  accumulation  of  single-stranded  DNA  (ssDNA)  gaps.  Consistent  with  previous  results  fol¬ 
lowing  UV-induced  damage,  reactivation  of  Radl8,  even  after  prolonged  G2  arrest,  restores  viability  and  genome  integrity.  We 
further  show  that  PRR  pathway  preference  in  0.001%  MMS  depends  on  timing  and  context;  cells  preferentially  employ  the  error- 
free  pathway  in  S  phase  and  do  not  require  MEC1  -dependent  checkpoint  activation  for  survival.  However,  when  PRR  is  re¬ 
stricted  to  the  G2  phase,  cells  utilize  R£  V3-dependent  translesion  synthesis,  which  requires  a  MEC1  -dependent  delay  and  results 
in  significant  hypermutability. 


The  DNA  damage  response  (DDR)  employs  a  signal  transduc¬ 
tion  network  to  delay  cell  cycle  progression  and  promote  DNA 
repair  (1).  While  it  is  well  known  that  DNA  damage  checkpoints 
are  critical  for  maintaining  genome  integrity,  how  the  cell  bal¬ 
ances  between  checkpoint  arrest  and  cell  proliferation  in  the  set¬ 
ting  of  constant  endogenous  and  exogenous  sources  of  DNA  dam¬ 
age  (~20,000  lesions  per  day  per  human  cell)  remains  a  critical 
question  (2, 3).  For  example,  cells  utilize  excision  repair  and  DNA 
damage  tolerance  pathways  without  significant  delay  of  the  cell 
cycle  to  address  low  levels  of  DNA  damage  (such  as  spontaneous 
base  lesions),  yet  when  responding  to  a  higher  level  of  DNA  dam¬ 
age,  these  processes  become  tightly  integrated  with  cell  cycle  delay 
(1).  For  genotoxic  agents,  there  is  a  dose  threshold  below  which 
checkpoint  activation  is  minimal  despite  measurable  activity  of 
DNA  repair  pathways  (4,  5);  this  threshold  may  vary,  depending 
on  the  damaging  agent,  organism,  and  cell  type.  We  (6)  and  others 
(4)  have  described  novel  cellular  phenotypes  that  manifest  only  in 
response  to  low  doses  of  DNA-damaging  agents;  however,  the 
field  lacks  a  consistent  definition  of  what  constitutes  a  low  dose. 
To  generalize  this  phenomenon,  we  propose  the  definition  of  a 
“low  dose”  of  a  damaging  agent  as  a  treatment  condition  that  does 
not  cause  discernible  DNA  damage  sensitivity  in  treated  wild-type 
cells  yet  manifests  discernible  biological  effects  (such  as  sensitiv¬ 
ity)  in  mutant  genetic  backgrounds.  While  other  definitions  are 
equally  valid,  this  definition  is  not  agent  specific  and  thus  allows 
for  a  comparison  of  results  spanning  multiple  genotoxic  agents. 
Our  use  of  the  terms  “low  dose”  and  “high  dose”  in  this  study 
refers  to  this  distinction. 

DNA-alkylating  agents  (methyl  methanesulfonate  [MMS], 
ethylmethanesulfonate  [EMS],  melphalan,  etc.)  are  of  particular 
interest  at  low  doses,  as  this  class  of  genotoxic  agents  encompasses 
a  number  of  natural  and  industrial  environmental  carcinogens 
(2).  Alkylating  agents  induce  DNA  damage  by  transferring  methyl 
groups  to  oxygen  or  nitrogen  atoms  of  DNA  bases,  resulting  in 
highly  mutagenic  DNA  base  lesions,  such  as  06-methylguanine 


and  N3-methyladenine  (2,  7).  Use  of  such  agents  at  high  doses 
(most  prominently  the  monofunctional  agent  MMS)  have  aided 
in  the  discovery  of  novel  DDR  genes  and  the  elucidation  of  many 
biochemical  processes  underlying  the  DDR  (8-11).  While  these 
studies  have  relied  specifically  on  high  doses  of  MMS,  there  is 
reason  to  believe  that  the  cellular  response  to  exposure  to  a  low 
dose  of  MMS  is  executed  differently  (5,  6). 

Recent  work  has  begun  to  characterize  the  differences  between 
low-  and  high-dose  DNA  damage  responses  (4,  6).  In  a  recent 
study  chronicling  novel,  low-dose-specific  DDR  phenotypes, 
Hishida  et  al.  continuously  exposed  yeast  cells  to  low-dose  UV 
light  (0. 1  J/m2/min)  over  a  period  of  multiple  days  in  order  to 
mimic  how  yeast  might  cope  with  sunlight-induced  UV  damage  in 
the  wild  (4).  They  tested  a  panel  of  strains  defective  for  different 
components  of  DDR  pathways,  and  the  results  were  striking:  only 
mutants  comprising  members  of  postreplicative  repair  (PRR) 
pathways  exhibited  any  sensitivity  to  chronic  low-dose  UV  treat¬ 
ment,  and  despite  this,  the  sensitivity  of  these  mutants  was  ex¬ 
treme.  Moreover,  they  showed  that  while  wild-type  cells  cycle  nor¬ 
mally  in  low-dose  UV,  a  PRR-defective  radl8\  mutant  rapidly 
synchronizes  into  prolonged  G2  arrest  (4). 

PRR  facilitates  the  bypass  (rather  than  the  repair)  of  base  le¬ 
sions  through  either  an  error-prone  polymerase  switch  or  an  er¬ 
ror-free  template  switch  mechanism  (12-14).  The  polymerase 
switch  pathway  involves  a  switch  to  an  error-prone  translesion 
synthesis  (TLS)  polymerase  that  can  catalyze  DNA  synthesis 
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across  a  damaged  template  by  inserting  a  noncognate  nucleotide 
(13-15).  In  contrast,  the  template  switch  mechanism  is  error  free 
and  utilizes  the  newly  synthesized  sister  chromatid  as  a  template 
for  DNA  synthesis  across  the  damaged  base  (13,  14,  16).  Both 
pathways  are  initiated  by  the  Rad6/Radl8-mediated  ubiquitina- 
tion  of  PCNA;  the  monoubiquitination  of  PCNA  at  K164  triggers 
TLS;  however  if  this  site  is  further  polyubiquitinated  by  Ubcl3- 
Mms2-Rad5,  the  cell  instead  employs  an  error-free  template 
switch  (12).  The  conditions  that  determine  PRR  pathway  choice 
are  not  yet  understood. 

While  the  work  of  Hishida  et  al.  has  chronicled  the  require¬ 
ment  for  PRR  for  survival  under  chronic  low-dose  UV  treatment 
conditions,  significant  questions  remain.  It  is  unknown  whether 
this  PRR  reliance  is  low-dose  UV  specific  or  if  it  extends  to  low 
doses  of  other  DNA-damaging  agents.  Moreover,  Hishida  et  al. 
screened  a  small  panel  of  known  DNA  repair  mutants  for  low- 
dose  UV  sensitivity;  it  is  unknown  whether  genes  outside  this 
panel  of  canonical  DNA  repair  genes  are  also  required  for  survival 
under  low-dose  conditions.  If  under  low-dose  conditions  the  PRR 
pathway  is  predominantly  responsible  for  cell  survival,  then  this 
genotoxic  context  presents  a  tremendous  opportunity  for  detailed 
studies  of  PRR  mechanisms  with  minimal  competition  from  re¬ 
pair  processes  and  without  the  need  for  additional  mutations. 

In  order  to  address  these  outstanding  questions,  we  performed 
the  first  genome-wide  screen  for  mutants  that  cause  sensitivity  to 
low-dose  MMS.  We  show  that  mutants  in  PRR  pathways  are  ex¬ 
quisitely  sensitive  to  0.00 1  %  MMS,  while  mutants  that  function  in 
end  resection  and  homologous  recombination  (HR) -intermedi¬ 
ate  processing  exhibit  only  mild  sensitivity.  We  show  that  in  low- 
dose  MMS,  loss  of  PRR  function  is  associated  with  prolonged  G2 
arrest  that  is  likely  due  to  unrepaired  single-stranded  DNA  (ss- 
DNA)  gaps  occurring  during  DNA  replication.  Reactivation  of 
PRR  during  this  arrest  restores  cell  viability,  restarts  cell  cycle  pro¬ 
gression,  and  restores  ssDNA  to  intact  chromosomal  double- 
stranded  DNA  (dsDNA)  but  results  in  significant  mutagenesis. 
We  show  that,  unlike  PRR  during  the  S  phase,  which  favors  the 
error-free  pathway,  delayed  PRR  activation  results  in  DNA  repair 
predominantly  by  error-prone  translesion  synthesis.  Elucidation 
of  these  phenotypes  was  made  possible  by  specifically  utilizing 
continuous  low-dose  MMS  treatment,  in  which  S-phase  progres¬ 
sion  is  unaffected  and  wild-type  cells  rely  on  tolerance  pathways  to 
facilitate  DNA  replication. 

MATERIALS  AND  METHODS 

Strains,  medium,  and  growth  conditions.  The  S.  cerevisiae  strains  used  in 
this  study  are  listed  in  Table  1.  Strain  BY4741  was  obtained  from  Open 
Biosystems.  All  of  the  other  strains  used  in  this  study  are  derived  from 
BY4741.  YPD  medium  contains  1%  yeast  extract,  2%  peptone,  and  2% 
glucose.  YPG  medium  contains  a  2%  concentration  of  galactose  to  induce 
the  expression  of  genes  under  the  control  of  the  pGALl  promoter.  MMS 
was  purchased  from  Acros  Organics  (AC254609).  YPD  plates  containing 
MMS  were  prepared  approximately  15  h  prior  to  use. 

Gene  disruptions  and  integrations.  All  gene  disruptions  and  integra¬ 
tions  were  achieved  by  homologous  recombination  at  their  respective 
chromosomal  loci  by  standard  PCR-based  methods  (17).  Briefly,  a  dele¬ 
tion  cassette  with  a  0.5-kb  region  flanking  the  target  open  reading  frame 
(ORF)  was  amplified  by  PCR  from  the  corresponding  xxx\ v.KANMX 
strain  of  the  deletion  array  (Open  Biosystems)  and  transformed  into  the 
target  strain  for  gene  knockout.  The  primers  used  in  the  gene  disruptions 
were  designed  using  20-bp  sequences  that  are  0.5  kb  upstream  and  down¬ 
stream  of  the  target  gene  (18). 


TABLE  1  Saccharomyces  cerevisiae  strains 


Strain* 

Genotype 

Source 

BY4741 

MATa  his3Al  leu2A0  metl5A0  ura3A0 

Open  Biosystems 

yDH125 

MATaBY4741  mecl  AKANr  smll  ANATr 

This  study 

yDH143 

MATaBY4741  rev3ANATr 

This  study 

yDH156 

MATa  BY4741  rad9AKANT  rad57ANAV 

This  study 

yDH157 

MATaBY4741  magi  AKANr  rad57 AN  ATr 

MATaBY4741  magi  AKANr  rad9ANATr 

This  study 

yDH159 

This  study 

yDH162 

MATaBY4741  pGAL-RAD18::HIS3MX6 

This  study 

yDH179 

MATa  BY4741  pGAL-RAD18::HIS3MX6  rad57 AKAN1 

This  study 

yDH183 

MATa  BY4741  smll  ANATr  meclAHIS3MX6  mms2AKANr 

This  study 

yDH184 

MATa  BY4741  smll  ANATr  meclAHIS3MX6  rev3  AKAN1 

This  study 

yDH215 

MATa  BY4741  rad  1 8  AKANr  pGAL-RAD57::HIS3MX6 
MATaBY4741  radl8AKANr 

This  study 

yDH227 

This  study 

yDH23 1 

MATa  BY4741  rad  1 8  AKANr  rad57 AN  AV 

This  study 

yDH237 

MATaBY4741  rad9  AN  AT  rad  1 8  AKANr 

This  study 

yDH240 

MATaBY4741  rad  18  AN  ATT  magi  AKAN1 

This  study 

yDH253 

MATa  BY4741  pGAL-RAD18::HIS3MX6  mms2AKANT 

This  study 

yDH254 

MATa  BY4741  pGAL-RAD18::HIS3MX6  rev3 AKANr 

This  study 

yDH341 

MATaBY4741  srs2ANAV  rad  18 AKAN1 
pGAL-RAD57::HIS3MX6 

This  study 

yDH342 

MATaBY4741  mms2 AKANT  rev3 AN ATT 

This  study 

yDH343 

MATa  BY4741  mecl  AKANr  smll  ANATr 
pGAL-RADl  8::HIS3MX6 

This  study 

yDH346 

MATa  BY4741  rad6AKANT 

This  study 

yDH347 

MATa  BY4741  rad57 AKANr 

This  study 

yDH348 

MATaBY4741  rad52AKANT 

This  study 

yDH349 

MATa  BY4741  magi  AKANr 

This  study 

yDH350 

MATaBY4741  rad9AKANT 

This  study 

yDH352 

MATaBY4741  top  3  AKAN1 

This  study 

yDH353 

MATa  BY4741  rad5 AKANT 

This  study 

yDH354 

MATa  BY4741  mrellAKAN1 

This  study 

yDH355 

MATaBY4741  sgsl  AKAN1 

This  study 

yDH356 

MATaBY4741  esc2AKANT 

This  study 

yDH357 

MATa  BY4741  xrs2AKANr 

This  study 

yDH358 

MATa  BY4741  mms22AKANT 

This  study 

yDH359 

MATaBY4741  rad50AKANT 

This  study 

yDH360 

MATaBY4741  rttlOlAKAN1 

This  study 

yDH361 

MATa  BY4741  rmilAKAN r 

This  study 

yDH362 

MATaBY4741  mmslAKAN1 

This  study 

yDH363 

MATa  BY4741  mms2AKANr 

This  study 

yDH399 

MATa  BY4741  exo  1  AKAN1  pGAL-RAD18::HIS3MX6 

This  study 

a  The  wild-type  strain  is  BY4741  (S288C).  All  the  other  strains  are  derived  from 
BY4741. 


For  gene  disruptions  utilizing  the  NATMX  or  HIS3MX  cassette,  the 
xxxAv.KANMX  strain  from  the  deletion  array  was  converted  to  xxxAv. 
NATMX  or  xxxA ::HIS3MX.  The  cassette  conversion  was  achieved  by  am¬ 
plifying  the  NATMX  or  HIS3MX  cassette  with  primers  MX-F  (5'-ACAT 
GGAGGCCCAGAATACCCT- 3 ' )  and  MX-R  ( 5 '  -CAGTATAGCGACCA 
GCATTCAC-3')  from  plasmids  p4339  and  pFA6a-His3MX6-pGALl, 
respectively  (17,19),  and  the  resulting  PCR  product  was  used  to  transform 
the  xxxA  v.KANMX  strain  (the  -MX  cassettes  each  carry  an  identical  5 '  TEF 
promoter  and  3'  terminator,  which  facilitates  the  KANMXv.NATMX  or 
KANMX:  :HISMX  conversion). 

In  order  to  integrate  the  pGALl  promoter  into  the  —  1  position  of  the 
RAD18  and  RAD57  genes,  a  region  of  plasmid  pFA6a-His3MX6-pGALl 
was  amplified  by  PCR  using  primers  that  contain  55  bp  of  RADI  8  or 
RAD57  gene  sequence  (—55  to  —1  and  4-1  to  +55),  followed  by  20  bp 
homologous  to  pFA6a-His3MX6-pGALl  (17).  The  PCR  product  was 
used  to  transform  the  indicated  target  yeast  strains  and  replaced  the  en¬ 
dogenous  RAD18  or  RAD57  promoter  with  the  pGALl  promoter  and 
HIS3MX  marker.  For  pGAL -RADI 8,  the  primers  used  were  5'AAACCAT 
CCGCAAGTGAGCATCACAGCTACTAAGAAAAGGCCATTTTTACT 
ACTCGAATTCGAGCTCGTTTAAAC-3'  and  5 ' -CAGGCT CGGTATT G 
AAGTAGTCGTGAAGTCGCTTGCAGTGGTTATTTGGTGGTCCATT 
TGAGATCCGGGTTTT-3',  and  for  pGAL-RAD57,  the  primers  used  were 
5 '  -  AT  GAAAATGAT  GAACAACCACTGGGAATT  CACCATTTTT  CAAA 
GT GT GTAAATT CGAATT CGAGCT CGTTTAAAC- 3 '  and  5'-TTCATC 
GTAAAGGT  CCATATACGTATT  GTCAAATTTTATT  GATAAGGCCC 
TAGGCATTTTGAGATCCGGGTTTT-3' . 

Genome-wide  low-dose  sensitivity  screen.  The  deletion  array  of 
—4,700  viable  yeast  single-gene  knockout  strains  (Open  Biosystems)  was 
replica  pinned  onto  YPD  and  YPD  plus  0.001%  MMS  plates  using  a  384- 
floating-pin  replicator  (V8tP  Scientific  Inc.).  The  plates  were  incubated  at 
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FIG  1  Postreplication  repair  pathways  are  required  for  survival  in  low-dose  MMS.  (A)  Reconfirmed  low-dose  sensitivity  mutants.  Reconstructed  yeast  deletion 
mutants  were  grown  to  log  phase  in  YPD  medium  with  0.001%  MMS.  Cells  were  taken  out  after  5  h  of  incubation  at  30°C.  Viable  cells  were  determined  by  the 
number  of  CFU  on  YPD  plates  after  3  days  of  incubation  at  30°C.  Three  independent  transformants  of  each  strain  were  tested,  and  the  error  bars  indicate  the 
standard  deviations  of  viability  measurements,  wt,  wild  type.  (B)  Survival  of  a  rad  1 8A  mutant  strain  in  low-dose  MMS  compared  to  other  DDR  mutants.  A  panel 
of  yeast  mutants  was  exposed  to  the  indicated  concentrations  of  MMS  during  log-phase  growth.  Cells  were  removed  after  5  h  of  incubation  at  30°C  and  spread 
onto  YPD  plates.  Viable  cells  were  determined  by  the  number  of  CFU  after  3  days  of  incubation  at  30°C.  Each  kill  curve  represents  the  mean  viability  from  three 
independent  experiments,  and  the  error  bars  represent  the  standard  deviations  of  the  mean.  (C)  Survival  of  radl8A  in  low-dose  MMS  in  combination  with  other 
DDR  mutants.  The  indicated  yeast  mutant  strains  were  grown  in  YPD  medium  with  or  without  the  indicated  concentrations  of  MMS.  Cells  were  taken  out  after 
5  h  of  incubation  at  30°C  and  spread  onto  YPD  plates.  Viable  cells  were  determined  by  the  number  of  CFU  after  3  days  of  incubation  at  30°C.  Each  kill  curve 
represents  the  mean  of  three  independent  experiments,  and  the  error  bars  represent  the  standard  deviations  of  the  mean.  (D)  Either  branch  of  PRR  is  sufficient 
for  cell  survival  in  low-dose  MMS.  Wild-type  and  PRR  mutant  strains  were  exposed  in  log  phase  to  various  concentrations  of  MMS  for  5  h.  Cells  were  removed 
after  the  exposure  and  plated  on  YPD  plates  for  determination  of  the  survival  rate  as  described  above.  Each  kill  curve  represents  the  mean  viability  from  three 
independent  experiments,  and  the  error  bars  represent  the  standard  deviations  of  the  mean. 


30°C  for  24  h  before  being  scored  for  growth.  The  screen  was  subsequently 
repeated  to  control  for  false  positives.  Of  note,  in  the  initial  screen,  a 
radl8A  mutant  was  not  sensitive  to  0.001%  MMS,  while  its  partner, 
rad6 A,  exhibited  strong  MMS  sensitivity.  We  independently  constructed 
a  radl8A::KANMX  gene  knockout  in  a  wild-type  (BY4741)  background, 
as  described  above.  This  newly  constructed  strain  exhibited  strong  sensi¬ 
tivity  to  0.001%  MMS  (identical  to  that  of  rad6 A)  (Fig.  1),  leading  us  to 
believe  that  our  original  radl8A::KANMX  library  strain  was  of  incorrect 
genotype  or  harbored  a  suppressor  mutation.  For  follow-up  studies,  we 
used  the  newly  constructed  radl8A. 

MMS  kill  curves.  Cells  (5  X  107)  were  harvested  from  log-phase  cul¬ 
tures  and  resuspended  in  10  ml  fresh  YPD  medium  with  or  without  MMS 
(prepared  from  a  master  batch  of  YPD  or  YPD  plus  MMS).  In  order  to 
reduce  variability  due  to  the  extremely  low  doses  examined  in  this  study, 
a  fresh  master  mix  of  0. 1  %  MMS  in  YPD  medium  was  prepared,  and  lower 
concentrations  were  achieved  by  further  diluting  a  proportion  of  the  mas¬ 
ter  mix  with  YPD.  Following  the  addition  of  MMS,  cultures  were  incu¬ 
bated  at  30°C,  and  aliquots  were  taken  out  after  5  h  of  incubation  (for 
MMS  concentration-dependent  kill  curves)  or  at  given  intervals  (for  time 
course  experiments).  The  cells  were  resuspended  in  PBS  plus  5%  sodium 


thiosulfate  (to  inactivate  the  MMS).  The  cells  were  sonicated,  and  cell 
concentrations  were  assessed  using  a  Coulter  Counter.  Viability  was  de¬ 
termined  by  plating  serial  dilutions  of  cultures  onto  YPD  (or  YPG)  plates 
and  scoring  the  number  of  CFU  after  3  to  4  days  at  30°C.  Viability  was 
calculated  as  CFU/total  cells. 

Calculation  of  MMS-induced  mutation  frequency.  The  mutation 
frequency  due  to  MMS  treatment  was  measured  by  selection  for  canava- 
nine  resistance  (due  to  forward  mutation  of  the  CAN1  gene)  after  MMS 
treatment.  Log-phase  cells  were  exposed  to  MMS  in  liquid  cultures  for  5  h 
at  30°C  as  described  above.  Following  MMS  treatment,  the  cells  were 
resuspended  in  PBS  plus  5%  sodium  thiosulfate  and  subsequently  serially 
diluted  and  plated  onto  synthetic  defined  medium  (SD)-Arg-Ser  plus  60 
mg/liter  canavanine  (for  the  measurement  of  mutation  rates)  and  YPD 
medium  (for  viability  measurements).  The  plates  were  incubated  at  30°C 
for  3  days,  and  mutations  were  assessed  as  the  number  of  CFU  on  cana¬ 
vanine  plates.  MMS-induced  mutation  rates  were  determined  by  sub¬ 
tracting  the  number  of  mutations  observed  for  cells  without  MMS  treat¬ 
ment.  Mutation  rates  are  expressed  as  the  number  of  canavanine-resistant 
cells  per  106  viable  cells. 
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Synchronization  and  cell  cycle  analysis.  Cells  were  synchronized  in 
the  Gj  phase  by  the  addition  of  a-factor  (Zymo  Research;  catalog  number 
Y1 001)  at  a  final  concentration  of  5  p,M  to  log-phase  cultures  or  cultures 
released  from  G2  arrest  (see  below).  Cultures  were  incubated  in  a-factor 
for  2  to  3  h  at  30°C  to  achieve  G[  arrest,  which  was  verified  microscopically 
and  by  fluorescence-activated  cell  sorter  (FACS)  analysis.  To  release  cells 
from  Gt  arrest,  cells  were  harvested  and  washed  once  with  1  ml  of  phos¬ 
phate-buffered  saline  (PBS)  and  resuspended  in  10  ml  fresh  YPD  medium 
containing  10  p-g/ml  pronase  (Fisher  Scientific;  catalog  number  50-720- 
3354).  For  G2/M  synchronization,  10  |Jig/ml  of  nocodazole  (Toronto  Re¬ 
search  Chemicals  Inc.;  catalog  number  M330350)  was  added  to  log-phase 
cultures  or  cultures  released  from  G!  arrest,  and  the  cells  were  incubated 
for  2  h  at  30°C.  G2-arrested  cells  were  verified  microscopically  (as  large- 
budded  cells)  and  by  FACS  analysis.  Cell  cycle  distributions  were  deter¬ 
mined  by  flow  cytometry  (by  a  method  described  previously  [20] )  using  a 
Beckman-Dickson  FACSCalibur  flow  cytometer. 

Western  blotting.  Cell  extracts  were  prepared  from  log-phase  cells,  as 
well  as  synchronized  cells,  using  a  trichloroacetic  acid  (TCA)  lysis  method 
(21).  Proteins  were  analyzed  by  SDS-PAGE  (22).  Rad53p  was  detected 
with  the  yC-19  anti-Rad53  antibody  (Santa  Cruz). 

PFGE.  To  analyze  intact  yeast  chromosomal  DNA  by  pulsed-field  gel 
electrophoresis  (PFGE),  DNA  plugs  were  prepared  using  a  CHEF  (con- 
tour-clamped  homogeneous  electric  field)  Genomic  DNA  plug  Kit  (Bio- 
Rad;  catalog  number  170-3591)  according  to  the  manufacturer’s  instruc¬ 
tions.  Briefly,  cells  (~2  X  108)  were  harvested  at  different  time  points  and 
fixed  in  70%  ethanol.  Following  ethanol  fixation,  the  cells  were  resus¬ 
pended  in  200  p.1  of  suspension  buffer  (10  mM  Tris,  pH  7.2, 20  mM  NaCl, 
50  mM  EDTA)  and  mixed  with  an  equal  volume  of  2%  CleanCut  low- 
melting-point  agarose  at  50°C.  The  hot  mixture  was  quickly  pipetted  into 
the  manufacturer-supplied  plug  molds  and  allowed  to  solidify  (each  sam¬ 
ple  produced  3  plugs).  In-gel  cell  lysis  was  performed  by  adding  lyticase  ( 1 
mg/ml)  for  2  h  at  37°C,  followed  by  1  mg/ml  proteinase  K  treatment  for  24 
h  at  37°C.  In  order  to  test  whether  the  nondenatured  DNA  sample  con¬ 
tained  S 1  -labile  ssDNA,  a  subset  of  the  DNA  plugs  were  digested  with  1  U 
of  SI  nuclease  (Sigma;  catalog  number  N5661)  for  40  min  at  30°C  in  SI 
nuclease  buffer  containing  1  mM  phenylmethylsulfonyl  fluoride  (PMSF) 
(the  undigested  set  was  incubated  in  the  same  buffer  without  S 1  nuclease) . 
Both  sets  of  plugs  were  then  loaded  on  a  1%  Megabase  agarose  gel  (Bio- 
Rad),  and  genomic  DNA  was  resolved  using  a  Bio-Rad  CHEF-DR  II  sys¬ 
tem  according  to  the  manufacturer’s  instructions.  Following  electropho¬ 
resis,  the  gels  were  stained  in  1%  ethidium  bromide  for  2  h  and 
photographed  under  UV  light. 

RESULTS 

Postreplication  repair  is  required  for  survival  in  response  to 
continuous  low-dose  MMS  exposure.  While  a  genome-wide 
screen  for  mutants  sensitive  to  high  doses  of  MMS  (0.035%)  pre¬ 
viously  identified  103  sensitive  mutant  strains  (23),  we  hypothe¬ 
sized  that  a  different  spectrum  of  mutants  would  be  sensitive  to 
low-dose  MMS  (0.001%).  To  test  this  hypothesis,  we  screened 
~4,700  unique  gene  deletion  strains  representing  the  yeast  hap¬ 
loid  deletion  collection  (24)  for  mutations  conferring  sensitivity 
to  0.001%  MMS.  As  a  small  percentage  of  the  library  strains  have 
been  shown  to  harbor  additional  mutations  (25,  26),  we  sought  to 
eliminate  any  false  positives  by  regenerating  all  14  deletion  mu¬ 
tants  that  showed  low-dose  MMS  sensitivity  in  the  initial  screen 
(see  Materials  and  Methods).  These  new  deletion  mutants  were 
then  retested  by  quantitative  colony-forming  assay  in  response  to 
MMS,  and  all  14  mutants  were  confirmed  to  be  sensitive  to 
0.001%  MMS  (Fig.  1A).  Mutations  in  the  PRR  genes  rad5A, 
rad6A,  and  radl8A  conferred  particularly  high  (>100-fold)  sen¬ 
sitivity,  while  the  remaining  mutants  exhibited  a  milder  2-  to 
3 -fold  drop  in  survival.  All  of  the  genes  identified  as  being  sensitive 
to  low-dose  MMS  had  been  previously  identified  as  sensitive  to 


high-dose  MMS  (23).  To  reconfirm  that  PRR  mutants  are  unique 
among  repair  genes  in  their  exquisite  sensitivity  to  low-dose 
MMS,  we  performed  a  verification  step  in  which  we  quantified  the 
sensitivities  of  a  panel  of  high-dose  MMS-sensitive  DDR  mutants 
to  a  range  of  MMS  exposures  to  confirm  that  they  do  not  confer 
substantial  sensitivity  to  low-dose  MMS.  This  panel  comprised 
genes  involved  in  homologous  recombination  (HR)  ( rad57A ), 
base  excision  repair  (BER)  (magi A),  and  checkpoint  activation 
(rad9A  and  meclA)  (Fig.  IB).  While  a  radl8A  mutant  exhibited  a 
drop  in  viability  in  MMS  in  a  dose-dependent  manner  down  to 
0.0001%  MMS,  none  of  the  other  mutants  exhibited  substantial 
sensitivity  to  very  low-dose  MMS,  despite  significant  sensitivity  to 
high-dose  (0.01%)  treatment.  From  these  results,  we  conclude 
that  PRR  mutants  are  highly  sensitive  to  low-dose  MMS  treat¬ 
ment,  whereas  mutations  in  other  DNA  repair  pathways  (HR, 
BER,  etc.)  show  minimal  effect.  Although  the  other  pathways 
tested  (HR,  BER,  etc.)  are  far  less  critical  than  PRR  under  low-dose 
conditions  (i.e.,  <0.001%  MMS),  combining  radl8A  with  muta¬ 
tions  in  rad57A ,  rad9A,  or  magi  A  resulted  in  an  additive  increase 
in  sensitivity  to  low-dose  MMS  versus  radl8A  alone  (Fig.  1C), 
demonstrating  that  in  the  absence  of  RADI  8  these  pathways  play  a 
compensatory  role. 

Either  PRR  subpathway  (error  free  or  error  prone)  is  suffi¬ 
cient  for  survival  in  response  to  low-dose  MMS.  Cells  employ 
two  RADI  S-dependent  PRR  mechanisms  to  tolerate  DNA  lesions 
(translesion  synthesis  and  error-free  HR-directed  bypass).  To  de¬ 
termine  whether  RADI  S-dependent  survival  in  low-dose  MMS 
depends  on  one  or  both  of  these  mechanisms,  we  examined  the 
low-dose  MMS  sensitivities  of  representative  mutants  for  each 
PRR  subpathway  ( REV3 ,  which  is  required  for  translesion  synthe¬ 
sis,  and  MMS2,  which  is  required  for  error-free  PRR  [8,  27]).  As 
shown  in  Fig.  ID,  a  defect  in  either  PRR  subpathway  alone  (rev3A 
or  mms2A)  does  not  affect  survival  in  MMS  concentrations  of 
<0.001%,  while  both  exhibit  sensitivity  to  high-dose  (0.01%) 
MMS  (with  mms2A  exhibiting  slightly  higher  sensitivity  at  this 
dose).  In  contrast,  loss  of  both  branches  (mms2A  rev3A)  results  in 
synergistic  hypersensitivity  to  low-dose  MMS  (Fig.  ID).  Thus,  we 
conclude  that  either  PRR  subpathway  (error  free  or  error  prone)  is 
sufficient  for  survival  in  response  to  low-dose  MMS.  Notably,  the 
mms2A  rev3A  double  mutant  is  slightly  more  MMS  resistant  than 
a  radl8A  strain,  suggesting  that  there  is  some  remaining  PRR  ac¬ 
tivity  in  mms2A  rev3A  (possibly  through  a  Revl-Rad30-depen- 
dent  translesion  synthesis  mechanism)  (27,  28). 

A  G2/M  (but  not  intra-S)  checkpoint  is  activated  in  PRR-de- 
ficient  cells  in  low-dose  MMS.  As  discussed  above,  wild-type  cells 
exhibit  minimal  checkpoint  activity  in  low-dose  MMS.  However, 
given  the  extremely  low  survival  rate  of  PRR-defective  radl8A 
cells  in  low-dose  MMS,  we  hypothesized  that  the  absence  of  PRR 
would  cause  a  defect  in  replication  fork  progression  and  possibly 
activate  the  intra-S-phase  checkpoint  (29-31).  To  test  this  hy¬ 
pothesis,  wild-type  and  radl8A  cells  were  synchronized  into  the 

phase  with  a-factor  and  released  into  growth  medium  contain¬ 
ing  0.001%  MMS.  Wild-type  cells  completed  S  phase  within  30  to 
40  min  in  the  presence  or  absence  of  low-dose  MMS  and  pro¬ 
gressed  through  G2/M,  as  seen  by  both  flow  cytometry  and  the 
budding  index  (Fig.  2A).  Unexpectedly,  MMS-treated  radl8A 
cells  progressed  through  S  phase  with  kinetics  similar  to  those  of 
wild-type  cells  and  subsequently  arrested  with  2C  DNA  content 
(Fig.  2A),  with  more  than  80%  exhibiting  a  large-budded  mor¬ 
phology,  which  persisted  for  the  duration  of  the  experiment  (180 
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FIG  2  Low-dose  MMS  activates  the  G2/M  checkpoint  in  radl8A  cells.  (A)  Low-dose  MMS  triggers  G2/M  arrest  in  rad  ISA  cells.  Wild-type  and  radl8A  cells  were 
synchronized  with  a-factor  and  released  into  YPD  medium  ±  0.001%  MMS.  Cells  were  removed  at  the  indicated  times  and  analyzed  for  cell  cycle  distribution 
by  FACS,  for  cell  morphology  by  microscopy,  and  for  viability  by  colony  survival  assay.  Each  flow  cytometry  graph  contains  two  histograms.  The  shaded 
histograms  represent  the  cell  cycle  distribution  of  a-factor-blocked  cultures  at  time  zero.  The  overlaid  histograms  represent  the  cell  cycle  distributions  at  various 
times  following  release  from  the  G ,  block.  The  cell  number  per  milliliter  is  listed  for  selected  time  points.  Survival  curves  for  wild-type  and  rad  I  HA  cells  at  each 
time  point  are  shown  below  the  cell  cycle  distribution  graphs.  Each  strain  was  tested  in  triplicate,  and  the  error  bars  represent  the  standard  deviations  of  mean  cell 
viability.  (B)  Rad53  phosphorylation  in  response  to  0.001%  MMS.  Wild-type  and  rad  1 8A  cells  were  treated  with  a-factor  and  released  into  YPD  medium  with 
0.001%  MMS.  Samples  were  taken  out  at  the  indicated  times  for  Western  blot  analysis  with  an  anti-Rad53  antibody. 


min).  Thus,  radl8lA  cells  arrest  in  G2  phase  after  exposure  to  low- 
dose  MMS  but  do  not  experience  the  significant  S-phase  delay 
indicative  of  intra- S-phase  checkpoint  activation  (20,  31). 

To  confirm  that  the  G2  arrest  of  radl8A  cells  in  low-dose  MMS 
was  due  to  the  activation  of  the  G2/M  DNA  damage  checkpoint, 
we  tested  for  MMS-induced  Rad53  phosphorylation  (a  G2/M 
checkpoint  indicator)  by  Western  blotting  (21).  Indeed,  while 
wild-type  cells  exhibited  no  Rad53  phosphorylation  in  low-dose 
MMS  (consistent  with  no  MMS-dependent  changes  in  cell  cycle 
distribution  by  FACS),  radl8A  cells  exhibited  Rad53  phosphory¬ 
lation  beginning  at  ~50  min  after  the  addition  of  low-dose  MMS 
(Fig.  2B).  Of  note,  Rad53  phosphorylation  in  radl8A  cells  was 
somewhat  delayed  after  the  transition  to  2C  DNA  content  by 
FACS  (Fig.  2A  and  B),  suggesting  that  generating  the  checkpoint 
activation  signal  may  require  events  that  occur  after  the  bulk  of 
replication  is  completed. 

Low-dose  MMS-induced  viability  loss  in  radl8A  cells  re¬ 
quires  passage  through  S  phase  in  the  presence  of  MMS.  Given 
that  the  DDR  checkpoint  is  not  activated  until  after  the  bulk  of 
replication  has  been  completed,  we  hypothesized  that  the  G2/M 


arrest  and  the  viability  loss  in  radl  8  A  cells  exposed  to  low-dose 
MMS  are  not  induced  by  alkylation  lesions  directly,  but  rather,  by 
secondary  lesions  (such  as  ssDNA  gaps)  resulting  from  incom¬ 
plete  postreplication  repair  (32,  33).  One  prediction  of  this  hy¬ 
pothesis  is  that  radl  8 A  cells  exposed  to  low-dose  MMS  outside  the 
S  phase  (i.e.,  in  the  Gt  or  G2  phase)  should  remain  viable,  since  this 
would  preclude  the  generation  of  irreparable  PRR  intermediates. 
To  test  this  prediction,  we  induced  a  mitotic  checkpoint  arrest  in 
wild-type  and  radl8A  cells  with  nocodazole  treatment  and  then 
released  the  cells  into  medium  containing  both  0.001%  MMS  and 
a-factor  (to  restrict  MMS  exposure  to  the  Gj  phase).  As  expected, 
when  the  MMS  treatment  was  confined  to  the  phase  (via  a-fac¬ 
tor  treatment),  radl  8 A  cells  exhibited  significantly  higher  viability 
than  cells  allowed  to  replicate  their  genomes  in  the  presence  of 
MMS  (no  a-factor)  (49%  viable  versus  3.5%)  (Fig.  3A).  (The 
~50%  drop  in  viability  with  a-factor  likely  reflects  a  subset  of 
unrepaired  lesions  that  persist  after  a-factor  is  removed;  the  cells 
are  plated  on  YPD  afterward,  at  which  point  they  can  cycle  nor¬ 
mally  and  must  cope  with  any  remaining  MMS  lesions).  In  con¬ 
clusion,  the  MMS  sensitivity  exhibited  by  a  radl  8 A  mutant  is  due 
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FIG  3  Loss  of  viability  and  G2  arrest  in  rad  ISA  cells  in  low-dose  MMS  is  associated  with  S  phase.  (A)  Passage  through  S  phase  is  required  for  MMS  sensitivity. 
Wild-type  and  radl8A  cells  were  synchronized  at  mitotic  checkpoint  arrest  with  nocodazole  (Noc)  for  2  h  and  then  exposed  to  0.001%  MMS  in  the  presence  or 
absence  of  a-factor  for  a  second  2-h  period.  MMS  was  then  removed,  and  the  cells  were  incubated  for  another  1.5  h,  with  or  without  a-factor.  Cells  were 
withdrawn  at  the  indicated  time  points  for  the  assessment  of  cell  cycle  distributions  and  survival  rates.  All  incubations  occurred  at  30°C.  In  the  upper  right  corner 
of  each  graph  are  shown  the  duration  of  treatment,  cell  number  per  milliliter,  and  cell  survival  percentage  at  the  end  of  each  treatment  (each  strain  was  tested  in 
triplicate  repeats  for  survival  rates;  the  mean  and  standard  deviation  of  the  mean  survival  rate  are  indicated).  The  shaded  histograms  represent  the  cell  cycle 
distribution  of  the  asynchronous  culture  before  the  nocodazole  block.  The  overlaid  histograms  represent  the  cell  cycle  distributions  at  various  times  after  release. 
(B)  Chromosomes  of  MMS-treated  radl8A  cells  show  SI  nuclease-sensitive  components  (ssDNA  gaps).  a-Factor-blocked  wild-type  and  radl8A  cells  were 
released  into  YPD  medium  with  0.001%  MMS  and  10  pg/ml  nocodazole  for  60  min.  Cells  were  harvested  after  a-factor  synchronization  (aF)  and  after  MMS 
treatment  (MMS).  Chromosomal  DNA  (either  SI  treated  or  mock  treated)  was  analyzed  by  PFGE. 


to  DNA  damage  produced  during  the  S  phase,  likely  caused  by  a 
defect  in  DNA  damage  tolerance  during  replication. 

Previous  reports  have  demonstrated  that  cells  that  enter  S 
phase  with  irreparable  UV  lesions  generate  long  stretches  of 
ssDNA,  and  these  ssDNA  lesions  are  later  resolved  by  postreplica¬ 
tion  repair  (32,  33).  We  hypothesized  that  low-dose  MMS  treat¬ 
ment  during  S  phase  is  also  associated  with  the  production  of 
ssDNA  gaps  that  are  irreparable  in  a  PRR  mutant  background 
(and  cause  the  G2  arrest).  To  test  this  hypothesis,  we  employed  the 
single-strand-specific  SI  endonuclease,  which  cuts  DNA  regions 
containing  nicks  and  ssDNA  gaps  (34,  35),  converting  them  into 
double-strand  breaks  (DSBs)  that  can  be  visualized  as  fragmenta¬ 


tion  by  PFGE  (36).  Wild-type  and  radl 8A  cells  were  synchronized 
in  the  Gj  phase  with  a-factor  and  released  into  medium  contain¬ 
ing  low-dose  MMS  (0.001%)  plus  nocodazole.  (The  nocodazole 
treatment  was  used  to  arrest  wild-type  cells  at  the  mitotic  check¬ 
point  to  minimize  the  ssDNA  component  associated  with  DNA 
replication  and  to  make  the  results  comparable  to  those  for  the 
G2-arrested  radl8lA  cells.)  After  a  60-min  low-dose  MMS  treat¬ 
ment,  chromosomal  DNA  was  isolated  in  agarose  plugs  and  sub¬ 
jected  to  SI  nuclease  treatment  and  PFGE  (Fig.  3B).  For  wild-type 
cells,  treatment  with  low-dose  MMS  was  not  associated  with  de¬ 
tectable  Sl-dependent  chromosomal  fragmentation  (and  thus  no 
ssDNA  gaps).  In  contrast,  rad!8A  cells  exhibited  significant 
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MMS-  and  Sl-dependent  chromosomal  fragmentation  that  is  in¬ 
dicative  of  the  presence  of  ssDNA  gaps  associated  with  low-dose 
MMS  exposure.  From  these  data,  we  conclude  that  the  loss  of  PRR 
is  associated  with  the  production  of  ssDNA  gaps  in  low-dose 
MMS,  and  these  lesions  are  the  likely  trigger  for  the  prolonged 
checkpoint  activation  exhibited  by  these  cells. 

Both  viability  and  chromosome  integrity  in  low-dose  MMS- 
treated  rad  18- deficient  cells  can  be  rescued  in  a  time-limited 
fashion  by  reactivation  of  RAD  18  in  G2  phase.  Recent  work  has 
shown  that  for  acute  high  doses  of  UV  and  MMS,  PRR  can  be 
delayed  for  a  prolonged  period  past  the  completion  of  bulk  DNA 
synthesis  and  then  reactivated  to  restore  a  major  proportion  of  cell 
viability  (28, 37) .  As  sensitivity  to  low-dose  MMS  for  PRR  mutants 
is  associated  with  a  prolonged  G2  checkpoint  and  ssDNA  gaps,  we 
hypothesized  that  reactivation  of  PRR  in  these  cells  would  have  a 
3-fold  effect:  ssDNA  gaps  would  be  eliminated,  cells  would  escape 
G2  arrest,  and  viability  would  be  restored.  To  test  this  hypothesis, 
we  constructed  a  yeast  strain  harboring  a  RADI  8  gene  under  the 
control  of  a  conditional  GAL  promoter  ( GAL-RAD18 )  to  control 
the  activity  of  PRR  (28).  Cells  were  exposed  to  low-dose  MMS 
under  RADI  8-repressing  conditions  (i.e.,  glucose),  and  cells  were 
withdrawn  at  multiple  time  points  for  assessment  of  viability  on 
glucose  plates  (maintaining  RAD18  repression)  and  galactose 
plates  (reactivating  RAD18)  (Fig.  4A).  As  expected,  in  glucose, 
cells  harboring  the  GAL-RAD  18  construct  exhibited  prolonged 
low-dose  MMS-dependent  G2  arrest  (data  not  shown)  and  loss  of 
viability,  mimicking  a  radl8A  deletion.  However,  when  cells  were 
removed  and  plated  on  galactose  medium  (reactivating  RAD  18) 
following  MMS  treatment,  there  was  a  marked  increase  in  viability 
(nearly  100%  rescue  after  up  to  4  h  in  MMS).  From  these  data,  we 
conclude  that  the  loss  of  viability  in  PRR-deficient  cells  in  re¬ 
sponse  to  low-dose  MMS  treatment  can  be  rescued  by  the  reacti¬ 
vation  of  RAD  18. 

Notably,  this  rescue  was  evident  even  after  prolonged  MMS 
treatment  but  began  to  steadily  decrease  after  the  4-h  time  point, 
and  no  rescue  was  observed  after  8  h  in  low-dose  MMS.  We  ini¬ 
tially  hypothesized  that  the  failure  to  rescue  at  later  time  points 
was  a  result  of  new  MMS  lesions  incurred  during  the  prolonged 
exposure  in  G2;  however,  even  after  removing  the  MMS  after  3  h, 
GAL-RAD18  cells  remained  arrested,  and  the  galactose-depen¬ 
dent  rescue  was  similarly  time  limited  (data  not  shown).  These 
data  suggest  that  the  loss  of  RADI  8-dependent  rescue  after  8  h  was 
not  due  to  additional  MMS  lesions  but  to  a  secondary  mechanism, 
possibly  through  further  processing  of  ssDNA  to  a  different  lesion 
irreparable  by  PRR  (32). 

To  confirm  that  the  RADI  8-dependent  rescue  in  low-dose 
MMS  correlates  with  a  decrease  in  ssDNA  gaps  (indicative  of  re¬ 
pair  by  PRR),  GAL-RAD18  cells  were  exposed  to  low-dose  MMS 
in  glucose  medium  (RADI 8-OFF)  and  then  switched  to  either 
galactose  medium  (RADI8-ON)  or  fresh  glucose  medium  in  the 
presence  of  nocodazole.  DNA  samples  were  prepared  in  agarose 
plugs  and  subjected  to  SI  nuclease  digestion  and  PFGE.  As  previ¬ 
ously  observed  for  radl  8A  (Fig.  3B),  low-dose  MMS-treated  GAL- 
RAD  1 8  cells  in  glucose  medium  exhibited  significant  Sl-depen¬ 
dent  chromosomal  fragmentation  (Fig.  4B).  However,  when  cells 
were  switched  to  galactose  medium  (reactivating  RAD  18),  a  sig¬ 
nificant  reduction  in  SI  nuclease  sensitivity  was  observed,  indica¬ 
tive  of  the  restoration  of  ssDNA  gaps  to  dsDNA  by  PRR.  From 
these  data,  we  conclude  that  the  reactivation  of  RAD  18  after  ex¬ 


posure  to  low-dose  MMS  is  associated  with  the  repair  of  ssDNA 
gaps  and  restoration  of  cell  viability. 

The  time  limit  for  RA  D 1 8-dependen  t  rescue  in  low-dose 
MMS  is  EXOl  dependent.  While  the  reactivation  of  GAL-RAD  18 
restores  cell  viability  in  low-dose  MMS  even  after  an  extended 
delay  (Fig.  4A),  we  were  surprised  that  the  ability  to  rescue  was 
time  limited.  It  has  been  previously  reported  that  Exol  possesses 
5 '-3'  exonuclease  activity,  and  its  processing  of  NER  intermedi¬ 
ates  generates  extended  ssDNA  gaps  (38).  We  hypothesized  that 
Exol  enlarges  ssDNA  gaps  in  low-dose  MMS  during  the  pro¬ 
longed  G2  arrest  (either  by  a  direct  resection  of  the  S-phase-de- 
pendent  ssDNA  or  by  extending  new  NER  ssDNA  intermediates 
that  merge  with  the  S-phase-dependent  gaps)  and  that  these  ex¬ 
tended  gaps  may  be  irreparable  by  PRR.  This  extension  of  ssDNA 
gaps  into  larger  PRR-irreparable  ssDNA  regions  could  explain  the 
inability  to  rescue  low-dose  MMS-treated  GAL-RAD  1 8  cells  past  8 
h  (Fig.  4A).  To  test  this  hypothesis,  we  deleted  EXOl  in  a  GAL- 
RAD  18  background  and  examined  cell  survival  after  prolonged 
incubation  in  low-dose  MMS  (Fig.  4C).  Indeed,  while  the  galac¬ 
tose-dependent  RAD18  rescue  efficiency  in  an  exol  A  background 
was  similar  to  that  of  EXOl  at  earlier  time  points,  the  ability  to 
rescue  cells  by  reactivation  of  RADI  8  in  exol  A  cells  persisted  well 
beyond  8  h.  From  this,  we  conclude  that  the  time  limit  for  RAD  18- 
dependent  rescue  in  low-dose  MMS  is  due  to  EXOl  -dependent 
resection.  Interestingly,  we  observed  a  slight  drop  in  rescue  in  an 
exol  A  background  (Fig.  4C),  which  may  reflect  the  activities  of 
other  nucleases  on  ssDNA  gaps. 

Removal  of  the  SRS2-dependent  block  to  HR  results  in  an 
efficient  postreplicative  rescue  independent  of  RAD  18.  We  were 
surprised  that  the  extreme  loss  of  viability  in  a  radl8A  mutant  in 
low-dose  MMS  was  due  to  the  presence  of  ssDNA  gaps,  as  it  is 
unclear  why  these  structures  could  not  be  repaired  by  sister  chro¬ 
matid  recombination  in  the  G2  phase  in  a  PRR- independent  man¬ 
ner.  We  hypothesized  that  while  it  maybe  possible  for  these  struc¬ 
tures  to  be  physically  repaired  by  recombination,  the  repression  of 
recombination  by  some  unknown  factor  suppresses  the  repair. 
One  candidate  for  this  repression  is  the  Srs2  helicase,  which  has 
been  shown  to  suppress  HR  during  DNA  replication  (39).  Dele¬ 
tion  of  SRS2  has  been  shown  to  rescue  a  radl  8 A  mutant  after 
low-dose  UV  treatment  (40).  We  asked  whether  a  similar  effect 
may  occur  in  low-dose  MMS,  and  especially,  whether  delayed  in¬ 
duction  of  HR  at  various  time  points  during  the  low-dose  MMS 
treatment  may  be  sufficient  to  rescue  radl  8 A  cells  in  the  absence 
of  SRS2.  In  order  to  test  this,  we  put  RAD57  under  the  control  of  a 
conditional  GAL  promoter  and  tested  the  effects  of  induction  of 
RAD57  on  cell  viability  in  a  radl8A  background.  When  radl8A 
GAL-RAD57  and  srs2A  radl8A  GAL-RAD57  cells  were  exposed  to 
low-dose  MMS  in  glucose  medium  (RAD57-OFF),  both  strains 
exhibited  viability  loss  and  synchronization  at  G2/M  (Fig.  5A  and 
data  not  shown).  However,  when  MMS-treated  srs2A  radl8A 
GAL-RAD57  cells  were  plated  on  galactose  medium  (reactivating 
RAD57),  we  observed  a  complete  rescue  of  viability,  indicating 
that  in  an  srs2A  background,  HR  can  compensate  for  the  loss  of 
RAD  18. 

We  note  that  even  when  SRS2  is  present,  we  observed  a  slight 
rescue  upon  reactivation  of  GAL-RAD57  (Fig.  5A);  this  is  likely 
due  to  RAD57  overexpression,  which  may  partially  overcome 
SRS2-dependent  inhibition  (Rad57  can  physically  block  Srs2’s 
ability  to  disrupt  Rad51  nucleoprotein  filaments)  (41).  Interest¬ 
ingly,  unlike  the  rescue  by  GAL-RAD  18,  the  reactivation  of  GAL- 
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FIG  4  Reactivation  of  Radl8  in  G2  restores  viability  and  chromosome  integrity  of  low-dose  MMS-treated  radl8  cells.  (A)  The  viability  of  PRR-deficient  cells  can 
be  restored  when  RAD  18  expression  is  induced  after  MMS  treatment.  Cells  harboring  a  chromosomal  RAD  18  gene  under  the  control  of  a  GAL  promoter 
( CAL-RAD18 )  were  grown  in  YPD  medium  with  0.001%  MMS.  At  the  indicated  times  of  exposure,  cells  were  withdrawn  and  analyzed  for  plating  efficiency  on 
either  glucose  or  galactose  plates.  Each  kill  curve  represents  the  mean  viability  of  three  independent  experiments,  and  the  error  bars  represent  the  standard 
deviations  of  the  mean.  At  all  time  points  after  2  h  of  exposure  to  MMS,  the  cell  density  remained  essentially  unchanged,  and  radl8A  cells  accumulated  with  a 
uniform  large-budded  morphology  (bottom).  (B)  Induction  of  RAD  1 8  reduces  SI  sensitivity  in  MMS-treated  GAL-RAD18  cells.  GAL-RAD  1 8  cells  were  blocked 
with  a-factor,  released  into  YPD  medium  with  0.001%  MMS  for  60  min,  and  then  incubated  in  MMS-free  medium  containing  glucose  or  galactose  for  another 
2  h  in  the  presence  of  nocodazole  (10  jxg/ ml).  Cells  were  withdrawn  after  ct-factor  synchronization  (aF)  and  MMS  exposure  and  after  the  subsequent  RAD18 
induction  (Glu  and  Gal).  Chromosomal  DNA  was  treated  with  SI  nuclease  or  mock  treated  and  subjected  to  PFGE  as  described  for  Fig.  3B.  (C)  The  ability  for 
RADI 8-dependent  rescue  is  prolonged  in  the  absence  oiEXOl.  GAL-RAD18  and  exol  A  GAL-RAD  1 8  cells  were  grown  in  YPD  with  0.001%  MMS  for  a  period  of 
12  h.  The  survival  rates  on  glucose  or  galactose  plates  were  determined  as  for  panel  A. 


RAD57  allows  rescue  even  after  8  h  of  MMS  exposure  (Fig.  5B), 
suggesting  that  the  EXOl -dependent  extension  of  ssDNA  can  be 
resolved  by  HR,  but  not  PRR.  From  these  data,  we  conclude  that 
SRS2  represses  the  HR-dependent  repair  of  ssDNA  gaps  in  PRR- 
deficient  cells. 

The  preference  for  error-free  and  error-prone  lesion  toler¬ 
ance  is  cell  cycle  dependent.  Since  RADI  8  is  required  for  the  func¬ 
tion  of  either  error-free  or  error-prone  PRR,  we  next  asked 
whether  one  pathway  is  more  important  for  survival  in  low-dose 
MMS  following  the  reactivation  of  GAL-RAD18.  To  determine 
this,  we  combined  the  conditional  GAL-RAD18  allele  with  dele¬ 


tions  of  either  rev3A  (TLS  deficient)  or  mms2A  (error-free-PRR 
deficient)  and  tested  the  abilities  of  these  mutants  to  be  rescued  by 
induction  of  GAL-RAD  1 8  at  various  times  during  low-dose  MMS 
treatment.  While  GAL -RAD  1 8  induction  rescued  the  mms2A  mu¬ 
tant,  the  efficiency  of  rescue  by  activation  of  GAL-RAD  18  in  a 
rev3tA  background  was  markedly  reduced  (Fig.  6A),  indicating 
that  the  postreplicative  rescue  in  low-dose  MMS  depends  on  func¬ 
tional  translesion  synthesis.  This  is  consistent  with  previous  ob¬ 
servations  for  UV  lesion  bypass  (28). 

Based  on  the  importance  of  REV3-dependent,  error-prone 
TLS  for  the  rescue  of  GA L-RAD18  cells,  we  predicted  that  the 


1522  mcb.asm.org 


Molecular  and  Cellular  Biology 


Downloaded  from  http://mcb.asm.org/  on  May  2,  2013  by  University  of  Washington 


DNA  Damage  Response  to  Low-Dose  Methyl  Methanesulfonate 


B. 


srs2 A  radl  8 A  GAL-RAD51 
cells 


YPD  +0.001%  MMS 


12  hrs 


Determine  viability  — 


'YPD  plates 


L-YPG  plates 


srs2A  rad18A  GAL-RAD57 


Time  (hr) 


Time  (hr) 

0 

2 

4 

6 

8 

10 

12 

cell  number/ml 

7.8X106 

1.4X107 

1.6X107 

1.8X107 

1.9X107 

2.2X107 

2.3X107 

%  large-budded  cells 

53 

84 

87 

90 

87 

85 

87 

FIG  5  Rescue  of  radl8A  cells  by  HR.  (A)  Induction  of  RAD57  results  in  the  rescue  of  viability  in  rad  ISA  cells  in  the  absence  of  SRS2.  radl8A  GAL-RAD57  or  srs2A 
radl8A  GAL-RAD57  cells  were  grown  in  YPD  medium  with  0.001%  MMS.  Kill  curves  were  determined  on  glucose  and  galactose  plates  as  described  in  the  legend 
to  Fig.  4A.  Each  strain  was  tested  in  triplicate  repeats,  and  the  error  bars  represent  the  standard  deviations  of  mean  viability.  (B)  RAD57  induction  rescues  viability 
of  radl  8  A  cells  in  the  absence  of  SRS2  after  prolonged  incubation.  srs2 A  radl  8 A  GAL- RADI  8  cells  were  grown  in  YPD  with  0.00 1  %  MMS  over  a  prolonged  period 
(12  h).  Cells  were  withdrawn  at  the  indicated  exposure  times  and  analyzed  for  cell  density,  cell  morphology,  and  plating  efficiency  on  either  YPD  or  YPG 
(galactose)  plates  as  described  in  the  legend  to  Fig.  4A. 


reactivation  of  RADI  8  in  G2  should  cause  hypermutability  in  low- 
dose  MMS.  To  test  this  prediction,  we  determined  mutation  rates 
in  GAL-RAD  18  cells  after  the  induction  of  RAD  18  following  ex¬ 
posure  to  low-dose  MMS  for  5  h.  As  predicted,  GAL-RAD  18  cells 
show  significantly  elevated  MMS-induced  mutation  rates  in  low- 
dose  MMS  after  the  induction  of  RAD  18  compared  to  wild-type 
cells  (Fig.  6B);  this  hypermutability  is  dependent  on  REV3 
(Fig.  6B),  further  confirming  that  inducing  PRR  in  G2  favors  er¬ 
ror-prone  translesion  synthesis.  Of  note,  the  GAL-RAD  18  cells 
exhibited  slightly  increased  mutagenesis  relative  to  the  wild  type 
even  in  the  absence  of  galactose;  this  likely  reflects  some  low-level 
RAD  18  expression  due  to  the  leakiness  associated  with  the  GAL 
promoter.  As  a  control,  we  also  determined  MMS-induced  muta¬ 
tion  rates  in  srs2A  radl  8 A  GAL-RAD57  cells  after  RAD57  induc¬ 
tion.  While  induction  of  GAL -RAD57  in  G2  rescues  viability  in  an 
srs2A  radl8A  mutant  (Fig.  5A),  this  rescue  should  involve  an  er¬ 
ror-free  mechanism  and  thus  should  not  be  associated  with  hy¬ 
permutability.  As  predicted,  in  contrast  to  induction  of  GAL- 
RAD  18,  hyperactivation  of  HR  after  low-dose  MMS  exposure 
does  not  significantly  increase  the  mutation  rate  (Fig.  6B),  indi¬ 


cating  that  while  HR  promotes  the  survival  of  radl8A  cells  in 
low-dose  MMS,  this  repair  involves  an  error-free  mechanism. 
From  these  data,  we  conclude  that  reactivation  of  RAD  18- de¬ 
pendent  PRR  in  G2  favors  the  mutagenic  translesion  synthesis 
pathway. 

Our  finding  that  the  error-prone  translesion  synthesis  pathway 
clearly  predominates  when  RAD  18  is  reactivated  in  G2  is  surpris¬ 
ing  given  previous  results  showing  that  the  error-free  pathway  is 
normally  the  dominant  form  of  PRR  (4,  42).  To  explain  this  dis¬ 
crepancy,  we  hypothesized  that  the  predominance  of  translesion 
synthesis  may  be  specific  to  the  G2  phase,  whereas  the  error-free 
pathway  normally  predominates  in  S  phase.  Based  on  this  predic¬ 
tion,  an  error-free-defective  mms2A  strain  should  produce  more 
ssDNA  gaps  than  an  error-prone-defective  rev3A  strain  in  low- 
dose  MMS.  To  test  this  prediction,  we  synchronized  wild-type, 
rev3A,  and  mms2A  cells  in  Gj  and  released  them  into  growth  me¬ 
dium  containing  0.001%  MMS.  While  rev3A  cells  showed  cell  cy¬ 
cle  progression  kinetics  similar  to  those  of  wild-type  cells  in  low- 
dose  MMS,  mms2A  cells  exhibited  a  significant  delay  in  G2  (30 
min)  (Fig.  6C).  Although  MMS-treated  mms2A  cells  did  not  ex- 
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hibit  substantially  increased  levels  of  Rad53  phosphorylation 
(Fig.  6D),  we  found  that  when  mms2A  is  combined  with  deletion 
of  the  checkpoint  factor  MEC1 ,  cells  fail  to  grow  in  low-dose  MMS 
(in  contrast,  a  rev3A  mecl  A  strain  displays  robust  growth) 
(Fig.  6E).  From  these  data,  we  conclude  that  loss  of  the  MMS2- 
dependent  error-free  pathway  is  associated  with  a  significant  G2 
delay  and  a  requirement  for  MEC1  for  survival  in  low-dose  MMS, 
while  loss  of  the  REV3-dependent  pathway  does  not  exhibit  these 
phenotypes. 

DISCUSSION 

Definition  of  “low-dose”  treatment.  Our  motivation  for  provid¬ 
ing  a  formal  definition  for  what  constitutes  a  “low  dose”  of  a 
DNA-damaging  agent  stemmed  from  difficulties  we  experienced 
in  comparing  our  data  with  other  studies  of  low-level  exposure 
that  span  a  variety  of  dose  rates,  genotoxic  agents,  and  cells/tis¬ 
sues.  For  example,  in  previous  studies  evaluating  the  role  of  PRR 
in  response  to  low-dose  UV  treatment,  Flishida  et  al.  based  their 
choice  of  UV  irradiation  dose  (0.1  J/m2/min)  on  the  natural  phe¬ 
nomenon  (sunlight  exposure)  that  they  were  attempting  to  mimic 
(4,  40);  a  clear  analog  for  this  dose  using  a  chemical  carcinogen 
such  as  MMS  was  not  immediately  apparent.  By  providing  a  phys¬ 
iological  and  agent-agnostic  definition  of  “low-dose”  DNA  dam¬ 
age  based  upon  the  sensitivity  of  wild-type  and  mutant  cells,  we 
were  able  to  reconcile  our  MMS  results  with  these  previous  stud¬ 
ies;  both  0.1  J/m2/min  UV  exposure  and  0.001%  MMS  treatment 
fail  to  induce  any  discernible  cellular  sensitivity  in  a  wild-type  cell 
population;  however,  mutant  studies  reveal  an  exquisite  and  pro¬ 
found  dependence  on  PRR  for  survival  in  response  to  low-dose 
damage  (Fig.  1)  (4). 

PRR  mutants  are  unique  in  their  exquisite  sensitivity  to  low- 
dose  MMS.  As  the  prior  Hishida  et  al.  study  (4)  was  UV  specific 
and  screened  only  a  small  panel  of  known  DDR  targets,  it  re¬ 
mained  formally  possible  that  PRR  reliance  was  UV  specific  or 
that  other,  unscreened  genes  would  also  be  required  for  survival 
under  low-dose  conditions.  To  answer  these  questions,  we  per¬ 
formed  a  genome-wide  screen  in  response  to  low-dose  treatment 
with  a  DNA- alkylating  agent  (0.001%  MMS).  Strikingly,  we  show 
that  while  0.001%  MMS  treatment  of  wild-type  yeast  cells  pro¬ 
duces  no  discernible  response  (for  any  assay  by  which  we  evaluate 
these  cells,  including  survival  [Fig.  1],  checkpoint  activity  [Fig.  2], 
cell  growth  and  division  [Fig.  2],  and  chromosomal  integrity/mu¬ 
tagenesis  [Fig.  3B  and  6B] ),  PRR  mutants  are  exquisitely  sensitive, 
and  hence  DNA  damage  tolerance  is  actively  employed  and  criti¬ 


cal  for  viability  at  this  dose.  The  lethal  lesions  that  render  PRR 
mutants  extremely  MMS  sensitive  are  unreplicated  ssDNA  gaps 
(which  can  be  detected  as  Sl-dependent  fragmentation  in  radl8 
cells  by  PFGE  [Fig.  3B[),  and  restoration  of  PRR  activity  (even 
after  significant  delay)  eliminates  these  gaps  and  rescues  cell  via¬ 
bility  in  low-dose  MMS  (Fig.  4A  to  C).  Due  to  the  exceptional 
requirement  for  PRR  under  low-dose  conditions,  we  were  able  to 
glean  vital  information  regarding  how  PRR  functions  in  the  pres¬ 
ence  (or  absence)  of  cell  cycle  checkpoints  and  how  timing  and 
context  play  vital  roles  in  determining  which  PRR  pathway  (error 
free  or  error  prone)  is  utilized. 

The  preference  for  error-free  or  error-prone  PRR  is  cell  cycle 
dependent.  While  previous  studies  have  shown  a  cellular  prefer¬ 
ence  for  the  error-free  pathway  (4,  42),  recent  studies  using  an 
inducible  PRR  system  show  a  clear  preference  for  error-prone 
translesion  synthesis  (28).  In  this  study,  we  show  that  these  are  not 
contradictory  conclusions,  since  our  data  demonstrate  that  PRR 
pathway  usage  depends  on  timing  and  context.  Specifically,  while 
our  data  show  a  preference  for  the  error- free  pathway  when  cells 
are  replicating  in  low-dose  MMS,  the  error-prone  pathway  is  spe¬ 
cifically  required  for  viability  when  PRR  is  delayed  until  the  G2 
phase  (Fig.  6A).  These  results  provide  some  clarity  with  regard  to 
how  cells  choose  error-free  versus  error-prone  repair  (in  low-dose 
MMS).  During  S  phase,  cells  prevent  ssDNA  gap  formation  via  the 
MMS2-dependent  template  switch  mechanism  (without  requir¬ 
ing  G2  arrest)  but,  alternatively,  can  generate  and  repair  an  ssDNA 
gap  using  a  REV3-dependent  TLS  mechanism  (which  can  be  de¬ 
layed  postreplication  but  requires  checkpoint  activation).  The  cell 
cycle  dependence  of  error-free  versus  error-prone  repair  may  re¬ 
flect  a  necessity  for  template  switching  to  happen  within  a  brief 
window  of  lesion  encounter  by  replicative  polymerases,  while  TLS 
may  be  less  temporally  restricted.  Alternatively,  cells  may  directly 
regulate  TLS  or  error-free  factors  in  a  cell  cycle-dependent  man¬ 
ner  in  order  to  carry  out  this  programmed  response.  Consistent 
with  this  hypothesis,  REV1  expression  peaks  during  the  G2  phase 
of  the  cell  cycle;  this  transcriptional  regulation  may  be  one  way  in 
which  cells  suppress  TLS  in  the  S  phase  but  promote  it  in  G2  (43). 

Rescue  by  reactivation  of  PRR  in  MMS  has  a  time  limit.  The 
inducible  GAL-RAD  18  system  also  provides  information  on  the 
stability  of  ssDNA  lesions  over  a  prolonged  period.  We  show  that 
there  is  a  time  limit  for  the  delayed  repair  of  ssDNA  gaps  in  G2/M; 
the  reactivation  of  PRR  is  most  effective  within  ~4  h  after  the 
initial  G2/M  checkpoint  activation  (Fig.  4A);  however,  this  time 
limit  can  be  extended  by  deletion  of  the  Exol  exonuclease 


FIG  6  TLS  is  required  for  the  rescue  of  viability  upon  RADI  8  induction.  (A)  Reactivation  of  RADI  8  at  G2  fails  to  effectively  rescue  viability  in  the  absence  of 
REV3.  GAL-RAD18,  rev3A  GAL-RAD18,  and  mms2A  GAL-RAD18  cells  were  exposed  to  0.001%  MMS  over  a  6-hour  period.  Cells  were  withdrawn  at  the 
indicated  times  during  the  exposure  and  analyzed  for  viability  by  plating  efficiency  on  either  glucose  or  galactose  plates  as  described  for  Fig.  4A.  Each  strain  was 
tested  in  triplicate  repeats,  and  the  error  bars  represent  the  standard  deviations  of  the  mean.  (B)  Reactivation  of  RAD18  causes  hypermutability.  Log-phase 
wild-type,  GAL-RAD18,  or  GAL-RAD57  cells  were  grown  in  YPD  with  0.001%  MMS  for  5  h  and  then  incubated  in  fresh  YPG  medium  for  another  2  h.  Cells  were 
withdrawn  before  and  after  low-dose  MMS  treatment  and  before  and  after  galactose  incubation  (Pre-Gal  and  Post-Gal)  and  assayed  for  viability  and  the 
induction  of  mutation  to  Can'.  Each  strain  was  tested  in  triplicate  repeats,  and  the  error  bars  represent  the  standard  deviations  of  mean  viability.  (C)  mms2A  cells 
show  a  G2  delay  in  low-dose  MMS.  Wild-type,  rev3A,  and  mms2A  cells  were  synchronized  in  G,  with  «- factor  and  released  into  YPD  medium  with  0.001%  MMS. 
Cells  were  removed  at  the  indicated  times  and  analyzed  for  cell  cycle  distribution  by  FACS  and  for  cell  morphology  by  microscopy.  Each  graph  contains  two 
histograms.  The  shaded  histograms  represent  the  cell  cycle  distribution  of  ct-factor-blocked  cultures  at  time  zero.  The  overlaid  histograms  represent  the  cell  cycle 
distribution  at  the  indicated  times  following  release.  The  cell  density  in  cells  per  milliliter  is  listed  for  selected  time  points.  (D)  Detection  of  Rad53  phosphory¬ 
lation  in  wild-type,  mms2A,  and  rev3A  cells  in  response  to  0.001%  MMS.  Wild-type,  rev3A,  and  mms2A  cells  were  treated  with  a-factor  and  released  into  YPD 
medium  with  0.001%  MMS.  Samples  were  taken  out  at  the  indicated  times  for  Western  blot  analysis  with  an  anti-Rad53  antibody.  (E)  Interactions  between  mecl 
and  PRR  mutants  in  low-dose  MMS.  The  wild  type  and  the  indicated  mutant  strains  were  grown  in  YPD  to  saturation  overnight  at  30°C.  Serial  10-fold  dilutions 
were  spotted  onto  YPD  and  YPD  plus  0.001%  MMS  plates.  (The  mecl  A  strain  is  smllA  tneclA.  The  smllA  single  mutation  does  not  affect  growth  or  survival  at 
the  tested  MMS  concentrations  [data  not  shown]). 
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(Fig.  4C).  From  these  data,  we  hypothesize  that  EXOl -associated 
extension  of  ssDNA  gaps  leads  to  large  regions  of  ssDNA  that  are 
irreparable  by  _REV3-dependent  translesion  synthesis.  There  are 
multiple  possible  mechanisms.  For  example,  Exol  could  perform 
end  resection  directly  on  the  ssDNA-dsDNA  junctions  at  the  end 
of  each  gap,  similar  to  its  role  in  resection  of  NER  intermediates 
(38).  Alternatively,  this  gap  extension  may  be  due  to  Exol’s 
known  role  in  the  extension  of  NER  intermediates,  and  the  resec¬ 
tion  of  NER  intermediates  may  encroach  upon  and  merge  with 
nearby  ssDNA  gaps.  While  Rev3  is  known  to  be  a  low-processivity 
polymerase  (44),  it  is  not  yet  known  on  how  large  an  ssDNA  re¬ 
gion  Rev3  can  act.  One  possible  scenario  is  that  following  reacti¬ 
vation  of  PRR  by  GAL-RAD  18,  translesion  synthesis  must  act  to 
fill  in  ssDNA  gaps  prior  to  checkpoint  adaptation  (45),  and  further 
EXOl -dependent  resection  at  later  time  points  coupled  with  a 
low-processivity  Rev3  polymerase  may  cause  adaptation  to  out¬ 
pace  translesion  synthesis  (resulting  in  the  segregation  of  incom¬ 
pletely  replicated  chromosomes).  Thus,  the  multiple-hour  delay 
before  radl8- dependent  ssDNA  gaps  become  irreparable  maybe 
due  to  a  low  processivity  rate  for  Exol  at  ssDNA  gaps  or  may 
reflect  an  inability  to  maintain  repression  of  Exol  over  prolonged 
periods  (45,  46). 

An  additional  question  to  be  considered  is  why  the  Exol -me¬ 
diated  ssDNA  gaps  are  lethal  to  rad  18  cells  (which  presumably 
have  an  active  HR  pathway).  In  their  low-dose  UV  studies, 
Hishida  et  al.  discovered  that  the  UV  sensitivity  of  radl8  cells  can 
be  suppressed  by  deleting  the  HR  inhibitor  SRS2  (40).  We  extend 
this  to  show  that  the  inability  to  repair  ssDNA  gaps  by  HR  in  radl  8 
cells  is  due  to  an  SRS2-dependent  block;  deletion  of  SRS2  rescues 
viability  in  radl8  cells  only  when  HR  is  active  (via  GAL-RAD57) 
(Fig.  5).  Intriguingly,  the  srs2-dependent  repair  is  not  time  lim¬ 
ited,  unlike  EXOl -dependent  TLS  repair  of  ssDNA  gaps  (Fig.  4). 
Thus,  the  question  remains  why  the  Srs2  HR  block  persists,  as 
ssDNA  gaps  are  repairable  in  its  absence.  We  propose  that  the 
repression  of  HR  by  Srs2  at  ssDNA  may  be  initiated  in  an  irrevers¬ 
ible  manner  at  a  specific  point  in  the  cell  cycle  (possibly  coinci¬ 
dental  with  the  passage  of  the  replication  fork);  hence,  following 
ssDNA  gap  formation  (a  precursor  to  TLS  repair),  the  option  to 
utilize  homologous  recombination  may  no  longer  be  available. 

The  low-dose  hypermutability  challenges  our  assumptions 
of  what  is  a  “safe  dose.”  In  this  study,  we  describe  the  treatment  of 
yeast  cells  with  extremely  low  doses  of  MMS  (from  0.001%  to 
0.0001%),  which  for  normal  cells  do  not  induce  any  discernible 
phenotypes  and  yet  are  catastrophic  for  PRR  mutants.  Despite 
this,  in  the  absence  of  any  exogenous  damage,  a  radl8X  mutant 
exhibits  growth  characteristics  that  are  similar  to  those  of  a  wild- 
type  cell.  Applying  this  concept  to  the  human  condition  raises 
important  issues  with  regard  to  how  we  evaluate  “safe”  levels  of 
carcinogenic  substances.  What  might  represent  a  negligible  level 
for  one  person  may  result  in  significant  unrepaired  DNA  damage 
for  a  second  individual  (such  as  someone  who  carries  one  or  more 
mutations  in  PRR  genes).  While  low-dose  X  rays  have  been  a 
mainstay  of  diagnostic  medical  and  dental  procedures  for  decades 
and  have  recently  become  ubiquitous  in  airport  security  measures 
(47-49),  estimations  of  the  cancer  risk  associated  with  these 
sources  are  extrapolated  from  studies  involving  subjects  who  have 
encountered  significantly  higher  doses  (i.e.,  nuclear  accident  vic¬ 
tims  and  atomic  bomb  survivors),  largely  ignoring  individual  ge¬ 
netic  risk  (49-54).  Underestimating  the  carcinogenic  potential  of 
low-dose  DNA  damage  is  of  critical  importance,  as  evidenced  by 


recent  studies  showing  increased  risks  for  malignancy  related  to 
radiation  exposure  from  medical  procedures  (47,  48,  55,  56).  An 
interesting  question  is  whether  we  could  identify  at-risk  individ¬ 
uals  based  upon  their  cellular  proficiency  in  the  low-dose  (i.e., 
PRR-dependent)  DNA  damage  response. 
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In  Saccharomyces  cerevisiae,  a  DNA  damage  checkpoint  in  the  S-phase  is  responsible  for  delaying  DNA 
replication  in  response  to  genotoxic  stress.  This  pathway  is  partially  regulated  by  the  checkpoint  proteins 
Rad9,  Radl7  and  Rad24.  Here,  we  describe  a  novel  hypermutable  phenotype  for  rad9A,  radl7A  and 
rad24A  cells  in  response  to  a  chronic  0.01%  dose  of  the  DNA  alkylating  agent  MMS.  We  report  that 
this  hypermutability  results  from  DNA  damage  introduction  during  the  S-phase  and  is  dependent  on  a 
functional  translesion  synthesis  pathway.  In  addition,  we  performed  a  genetic  screen  for  interactions  with 
rad9A  that  confer  sensitivity  to  0.01%  MMS.  We  report  and  quantify  25  genetic  interactions  with  rad9A, 
many  of  which  involve  the  post-replication  repair  machinery.  From  these  data,  we  conclude  that  defects 
in  S-phase  checkpoint  regulation  lead  to  increased  reliance  on  mutagenic  translesion  synthesis,  and  we 
describe  a  novel  role  for  members  of  the  S-phase  DNA  damage  checkpoint  in  suppressing  mutagenic 
post-replicative  repair  in  response  to  sublethal  MMS  treatment. 
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1.  Introduction 

The  DNA  damage  response  (DDR)  consists  of  a  highly  coor¬ 
dinated  network  of  cellular  processes  tasked  with  maintaining 
genomic  integrity  despite  continual  damage  from  a  wide  variety  of 
endogenous  and  exogenous  agents.  A  critical  step  in  this  response  is 
cell  cycle  arrest,  in  which  a  damage-induced  signal  triggers  a  check¬ 
point  at  Gl,  intra-S,  or  G2/M  [1-3].  Notably,  mutations  in  genes 
involved  in  DDR  checkpoints  are  associated  with  predisposition  to 
cancer  in  mammals  (e.g.  ATM,  BRCA1,  p53)  [4], 

Methylmethanesulfonate  (MMS)  is  a  monofunctional  alkylating 
agent  which  generates  methylated  DNA  lesions  and  triggers  check¬ 
point  activation;  it  is  commonly  referred  to  as  “radiomimetic”  [5], 
Multiple  pathways  coordinate  to  repair  MMS  lesions,  which  include 
direct  reversal  (dependent  on  the  MGT1  alkyltransferase),  base  and 
nucleotide  excision  repair,  post-replication  repair,  and  homologous 
recombinational  repair  [6].  In  response  to  sublethal  doses  of  DNA 
alkylating  agents,  budding  yeast  synchronize  into  a  lengthened  S- 
phase  due  to  an  intra-S-phase  checkpoint  that  is  dependent  on 
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RAD53  and  MEC1  [3].  While  the  budding  yeast  checkpoint  adapter 
Rad9  is  required  for  DNA  damage-induced  arrest  in  the  Gl  and 
G2/M  phases,  its  role  in  intra-S  is  not  absolute,  since  deletion  of 
RAD9  is  associated  with  partial  loss  of  S-phase  slowing  in  response 
to  MMS  [7].  Members  of  the  RAD24  epistasis  group  (RAD24,  RAD17, 
DDC1  and  MEC3)  exhibit  a  similar  partial  defect  in  S-phase  slow¬ 
ing  [7-9];  however  members  of  this  group  can  enhance  the  MMS 
sensitivity  of  rad9A  [7[. 

RAD9  has  homology  to  the  mammalian  BRCA1  gene.  Like  BRCA1 , 
Rad9  has  BRCT  and  Tudor  domains,  which  are  important  for 
protein-protein  interactions  mostly  involved  in  DNA  repair  or  cell 
cycle  regulation  [10].  Rad9  serves  as  an  adapter  in  the  Mecl/Tell- 
dependent  checkpoint  response  to  DNA  damage.  An  early  step  in 
the  cellular  response  to  DNA  damage  is  modification  of  histone  tails 
near  the  site  of  damage  (e.g.  methylation,  MEC1  -  or  TEL  1  -dependent 
phosphorylation).  Rad9p  is  subsequently  recruited  to  the  damaged 
site  (through  the  association  of  its  Tudor  domains  with  phosphory- 
lated  histone  H2A  and  methylated  histone  H3)  and  oligomerizes 
via  its  BRCT  domains  [11],  Once  recruited  to  the  damaged  site, 
Rad9p  is  also  phosphorylated  in  a  Mecl /Tell -dependent  manner, 
and  its  phosphorylated  S/T-Q  residues  create  a  binding  site  for  the 
FHA  domain  of  the  checkpoint  effecter  kinase  Rad53  [12-17].  Thus, 
oligomeric  assembly  of  phosphorylated  Rad9p  is  likely  to  serve 
as  a  platform  for  the  enrichment  of  Rad53p  and  stimulation  of 
its  trans-autophosphorylation  and  phosphorylation  by  Meclp  and 
Tellp.  These  phosphorylation  events  activate  Rad53p  and  allow  it 
to  trigger  downstream  events  in  the  DDR  [18,19]. 
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Members  of  the  RAD24  epistasis  group  comprise  a  damage- 
specific  DNA  clamp  known  as  the  9-1-1  complex,  which  is  involved 
in  DNA  damage  checkpoint  regulation.  The  9-1-1  clamp  is  com¬ 
posed  of  three  subunits,  Radl7,  Ddcl  and  Mec3.  It  is  loaded  on 
to  the  damage  site  by  the  alternative  heteropentameric  repli¬ 
cation  factor  C  (RFC)  complex,  in  which  one  subunit,  Rfcl,  is 
replaced  by  the  checkpoint-specific  subunit  Rad24  [20],  Mecl- 
dependent  phoshorylation  and  activation  of  Rad9  and  Rad53  is 
severely  reduced  in  radl7,  mec3,  ddcl  and  rad24  mutants  [21], 
Putative  functions  of  the  9-1-1  complex  involve  activation  of  Mecl 
kinase  activity  and  recruitment  of  other  factors  that  could  propa¬ 
gate  the  checkpoint  response  pathway  or  facilitate  the  processivity 
of  the  replication  fork  [21,22]. 

Both  RAD9  and  the  RAD24  group  encode  for  proteins  that  are 
required  for  efficient  S-phase  checkpoint  regulation  in  response  to 
alkylation  damage,  and  the  role  of  this  checkpoint  is  believed  to 
be  to  allow  a  damaged  cell  time  to  repair  DNA  lesions  prior  to  the 
arrival  of  the  replication  fork  [23],  If  lesions  are  left  unrepaired, 
cells  utilize  one  of  three  independent  post-replication  repair  (PRR) 
mechanisms  to  bypass  the  lesion  [24],  In  the  first  PRR  mechanism, 
a  switch  to  an  error-prone  translesion  synthesis  (TLS)  polymerase 
occurs,  which  is  triggered  by  a  Rad6-Radl8  mediated  mono- 
ubiquitination  of  PCNA.  One  of  the  TLS  polymerases  is  the  Pol£ 
complex,  composed  of  Rev3,  Rev7,  Revl,  and  likely  additional  pro¬ 
teins.  Pol£;  is  able  to  replicate  over  a  damaged  template  much  more 
efficiently  than  major  replicases,  inserting  a  noncognate  nucleotide 
[25].  A  second  mechanism  employs  polyubiquitination  of  PCNA 
by  the  Mms2-Ubcl3-Rad5  complex,  which  promotes  error-free 
lesion  bypass  through  a  mechanism  involving  regression  of  the 
replication  fork  [26].  A  third  mechanism  depends  on  Rad52,  which 
promotes  homologous  recombination  (HR)  between  sister  chro¬ 
matids  [27].  Genetic  interactions  between  RAD9  and  PRR  genes  (e.g. 
MMS2,  REV3 )  have  been  reported  [28]. 

In  this  study,  we  describe  a  novel  hypermutable  phenotype  for 
mutants  lacking  RAD9  or  members  of  the  RAD24  epistasis  group. 
We  show  that  the  phenotype  occurs  exclusively  when  cells  are 
treated  with  a  chronic  low-dose  treatment  of  MMS,  and  not  when  a 
higher  dose  is  applied.  Importantly,  we  demonstrate  that  different 
doses  of  MMS  yield  different  effects  on  the  cell  cycle  distribu¬ 
tion,  a  phenomenon  which  is  responsible  for  the  dose-dependent 
hypermutability  of  S-phase  checkpoint  mutants.  We  show  that  the 
hypermutable  phenotype  of  rad9A  cells  is  dependent  on  rev3A, 
indicating  that  the  mutability  of  such  cells  is  due  to  hyperactiva¬ 
tion  of  the  error-prone  post-replication  repair  pathway.  Consistent 
with  (and  extending)  previous  work  linking  RAD9  to  the  PRR  path¬ 
way,  we  show  that  RAD9  interacts  with  a  large  number  of  PRR  genes 
that  function  in  both  error-prone  (R£V3,  REV3,  REV7)  and  error- 
free  ( RAD5 ,  MMS2,  UBC13 )  pathways,  and  present  a  model  in  which 
RAD9  plays  a  role  in  channeling  lesions  at  the  replication  fork. 

2.  Materials  and  methods 

2.1.  Media  and  growth  conditions 

YEPD  and  dropout  media  have  been  previously  described  [29]. 
MMS  was  purchased  from  Sigma  (Cat#  M401 6).  YEPD  and  synthetic 
plates  containing  MMS  were  freshly  prepared  the  evening  prior  to 
use.  Magic  medium  (SC-Leu-His-Arg;  200mg/L  G418,  60mg/L  l- 
canavanine)  used  in  the  synthetic  interaction  screen  was  prepared 
according  to  Pan  et  al.  [30]. 

2.2.  Yeast  strains 

Saccharomyces  cerevisiae  strains  used  in  this  study  are  listed  in 
Table  1.  Strain  BY4741  was  purchased  from  Open  Biosystems.  Yeast 


strains  with  the  designation  yMP  have  been  previously  described 
[7[.  All  gene  disruptions  were  achieved  by  homologous  recombi¬ 
nation  at  their  chromosomal  loci  by  standard  PCR-based  methods 
[31  ].  Briefly,  a  deletion  cassette  with  a  0.5  kb  region  flanking  the  tar¬ 
get  ORF  was  amplified  by  PCR  from  the  corresponding  xxxAKAN1' 
strain  of  the  deletion  array  (Open  Biosystems)  and  transformed  into 
the  target  strain  for  gene  knockout.  The  primers  used  in  the  gene 
disruptions  are  designed  using  20  bp  sequences  which  are  0.5  kb 
upstream  and  downstream  of  the  target  gene. 

2.3.  rad9A  double  deletion  library  construction  and  screening 

The  rad9A  double  deletion  library  was  constructed  using  the 
dSLAM  methodology  [32],  The  pooled  heterozygous  diploid  dele¬ 
tion  library  was  a  gift  from  Jef  Boeke  (Johns  Hopkins).  A  rad9A  dele¬ 
tion  cassette  with  a  1 .5  kb  region  flanking  the  RAD9  ORF  was  ampli¬ 
fied  by  PCR  (forward  primer:  5'-AGCTCTTGAACAACATACTCTCAG- 
3';  reverse  primer:  5'-GAGATTCATCAAACAGATTGATCGC-3')  and 
transformed  into  the  library.  Selection  of  the  rad9A::URA3  diploids 
was  performed  on  synthetic  defined  medium  plates  without  uracil 
(SD-URA).  Diploids  were  subsequently  sporulated  via  replication 
onto  SPO  plates  and  incubation  at  room  temperature  for  5  days. 
Spores  were  replicated  onto  magic  medium  (MM)-URA  plates 
to  select  MATa  rad9A::URA3  double  mutant  haploid  cells.  Hap¬ 
loid  double-deletion  cells  were  replicated  onto  complete  synthetic 
medium  with  or  without  0.01%  MMS.  Clones  exhibiting  sensitivity 
to  MMS  were  streaked  for  single  colonies  on  complete  SD-medium. 
Eight  colonies  per  candidate  were  subsequently  grown  overnight  in 
synthetic  liquid  medium  to  saturation,  and  2  p.1  of  saturated  culture 
were  spotted  on  complete  SD-medium  ±0.01%  MMS  and  scored 
after  2-3  days.  For  each  candidate,  UPTAG  and  DOWNTAG  barcodes 
were  sequenced  to  identify  the  corresponding  gene  deletion  using 
primers  and  methods  previously  described  [33,34]. 

2.4.  MMS  kill  curves  and  cell  cycle  analysis 

MMS  kill  curves  were  performed  as  previously  described  [3,7], 
Briefly,  log-phase  cells  (5  x  107  cells)  were  harvested  from  YPD 
medium  and  resuspended  in  10  ml  YPD  with  a  specified  concen¬ 
tration  of  pre-diluted  liquid  MMS  solution.  One  MMS  solution  was 
used  for  all  cultures  in  a  single  experiment  to  ensure  identical  MMS 
concentration  across  all  cultures,  and  control  strains  (wild  type, 
xxx A,  and  rad9A )  were  always  run  on  the  same  day  as  the  double 
mutants  to  control  for  day-to-day  variation  in  MMS  preparations. 
Cultures  were  incubated  at  30  °C,  and  aliquots  were  taken  out  at 
given  intervals.  The  cells  were  resuspended  in  PBS +  5%  sodium 
thiosulfate  (to  inactivate  the  MMS).  Cells  were  sonicated,  and  cell 
concentrations  were  assessed  using  a  Coulter  Counter.  Viability  was 
determined  by  plating  serial  dilutions  of  cultures  onto  YPD  and 
scoring  the  number  of  colony-forming  units  (CFUs)  after  3-4  days 
at30°C.  Viability  was  calculated  as  CFU/total  cells.  Cell  cycle  distri¬ 
butions  were  determined  by  flow  cytometry  of  propidium  iodide 
(Pl)-stained  cells  using  a  method  described  previously  [7 ].  Distri¬ 
butions  of  Pi-stained  cells  were  assessed  using  a  Beckman  Dickson 
Calibur  flow  cytometer. 

2.5.  Ionizing  radiation  (IR)  kill  curves 

Log-phase  cells  grown  at  30  °C  in  YEPD  were  harvested,  son¬ 
icated,  and  counted  using  a  Coulter  Counter.  1  x  10s  cells  were 
resuspended  in  2  ml  PBS,  sonicated,  and  serially  diluted.  Dilu¬ 
tions  were  spread  onto  fresh  YEPD  plates  and  exposed  to  gamma 
irradiation  using  a  Mark  II  cesium-137  irradiator  (JL  Shepherd  & 
Associates)  operated  at  a  dose  rate  of  800cGy/min.  Following  IR, 
plates  were  immediately  transferred  to  an  incubator,  and  allowed 
to  grow  for  3  days  at  30  °C.  Viability  was  calculated  as  CFU/total 
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Table  1 

Saccharomyces  cerevisiae  strains. 


Strain 


Genotype 


Source 


BY4741 
CB1021 
yAM  1184-86 
yAMl  187-89 
yAMl  202-4 
yAMl  205-7 
yAM1208-10 
yAM1211-13 
yAM1214-16 
yAM1217-19 
yAMl  220-22 
yAMl  223-25 
yAMl  226-28 
yAMl  229-31 
yAMl  238-40 
yAMl  241 -43 
yAM  1244-46 
yAM  1247-49 
yAMl  250-52 
yAMl  253-55 
yAMl  280-82 
yAM1283-85 
yAM1286-88 
yAM1289-91 
yAMl  292-94 
yAMl  295-97 
yAMl  304-6 
yAMl  307-9 
yAMl  328-30 
yAM  133 1-33 
yAM  1340-42 
yAMl  343-45 
yAMl  370-72 
yAMl  373-75 
yAMl  388-90 
yAMl  391 -93 
yAMl  394-96 
yAMl  397-99 
yAM1418-20 
yAM  142 1-23 
yAM1448-50 
yAMl  45 1-53 
yAM  1454-56 
yAM  1457-79 
yAM  1472-74 
yAM1475-77 
yAM 1490-92 
yAMl  493-95 
yAMl  655-57 
yAMl  658-60 
yMP10381 
yMP10382 
yMP11006 
yMP11030 
yMP11089 
yMP11450 
yDH27-29 
yDH30-32 
yDH33-35 
yDH36-38 
yDH39-41 
yDH42-44 
yDH45-47 
yDH48-50 
yDH51-53 
yDH54-56 
yDH57-59 
yDH60-62 
yDH63-65 
yDH66-68 
yDH69-71 
yDH72-74 
yDH75-77 


MATa  his3Al  leu2A0  metis  AO  ura3A0 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canlA::LEU2  +  -MFAlpr-HIS3  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  sgsl::I<ANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  sgsl::I<ANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  revl::I<ANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  revl::KANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  radl7::I<ANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  radl7::I<ANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  rad55::KANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  rad55::I<ANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  iswl::KANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  iswl::KANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  rev3::KANR 

MATa  ura3A0  \eu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  rev3::KANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  ddcl::I<ANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  ddcl::I<ANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  ubcl3::I<ANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  ubcl3::I<ANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  esc2::KANR 

MATa  ura3A0  \eu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  esc2::KANR  rad9::URA3 

MATa  ura3A0  \eu2A0  his3Al  lys2A0  MET15  canlA::LEU2+-MFAlpr-HIS3  mus81::KANR 

MATa  ura3A0  \eu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  mus81::KANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  rad5::KANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  rad5::KANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  msnl::I<ANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  msnl::KANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  uip5::I<ANR 

MATa  ura3A0  \eu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  uip5::I<ANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  mgtl::I<ANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  mgtl::KANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  bbcl::KANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  bbcl::I<ANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  mms2::KANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  mms2::I<ANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  mmsl::KANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  mmsl::KANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  potl::l<ANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  potl::l<ANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  rev7::KANR 

MATa  ura3A0  \eu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  rev7::KANR  rad9::URA3 

MATa  ura3A0  \eu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  mms4::I<ANR 

MATa  ura3A0  \eu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  mms4::I<ANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  rad54::I<ANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  rad54::I(ANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3 yill58w::I<ANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3 yill58w::I<ANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  psy3::I<ANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  psy3::I<ANR  rad9::URA3 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  ixrl::I<ANR 

MATa  ura3A0  leu2A0  his3Al  lys2A0  MET15  canl  A::LEU2+-MFAlpr-HIS3  ixrl::I<ANR  rad9::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  rev3A::LEU2  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  rad24A::TRPl  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  SCR::URA3  rad9A::LEU2 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  radl7A::LEU2  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  SCR::URA3  rad52A::LEU2 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  bbclA::I<ANr  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  rad9A::LEU2  bbclA^KAW  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  iswl  A::I<ANr  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  rad9A::LEU2  iswl  A: :I<ANr  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2 yill58wA::I<ANr  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  rad9A::LEU2 yill58wA::I<ANr  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  potl  A::KANr  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  rad9A::LEU2  potl  A::I<ANr  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  rev3A::LEU2  rad9A::I<ANr  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  rev3A::LEU2  bbclA::KANr  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  rev3A::LEU2  iswlAr.KAN''  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  rev3A::LEU2 yill58wA::KANr  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  rev3A::LEU2  potl  A::l<ANr  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  rad52A::LEU2  bbclA::KANr  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  rad52A::LEU2  iswlA::I<ANr  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  rad52A::LEU2yill58wA::KANr  SCR::URA3 

MATa  ade2  ade3-130  leu2  trpl  ura3  cyh2  rad52A::LEU2  potl  A::KANr  SCR::URA3 
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This  study 
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This  study 
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This  study 
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This  study 
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This  study 
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This  study 
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This  study 
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Paulovich  Lab 
Paulovich  Lab 
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Paulovich  Lab 
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This  study 
This  study 
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This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
This  study 
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This  study 
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This  study 
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CB1021  is  congenic  with  BY4741  (S288C).  The  yAM  strains  are  isogenic  with  CB1021.  The  remaining  strains  are  all  congenic  with  yMP10381  (A364a). 
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Table  2 

RAD9-interacting  genes. 


Gene 

Class' 

Viability  for  single  (%)  (xxxzl)b 

Viability  for  double  (%)  (xxxA  rad9A)b 

Ratio0 

p-valued 

RAD5 

Error-free  bypass 

0.016  ±  0.01 

0e 

ooe 

NDe 

UBC13 

Error-free  bypass 

12  ±  2 

0.023  ±0.02 

357.7 

0.0015 

REV7 

Error-prone  bypass 

31  ±  3 

0.037  ±0.04 

223.1 

0.0015 

MMS2 

Error-free  bypass 

15  ±  1 

0.078  ±0.012 

172.8 

0.0011 

REV1 

Error-prone  bypass 

60  ±  21 

0.12±0.10 

64.7 

0.0016 

RAD54 

HR 

12  ±  6 

0.17±0.11 

47.4 

0.0016 

REV3 

Error-prone  bypass 

76  ±  15 

0.20±0.12 

40.8 

0.0016 

MMS1 

HR  intermediate  resolution 

54  ±  8 

0.25  ±0.05 

33.0 

0.0016 

ELG1 

Clamp  loader 

28  ±  1 

0.37  ±0.22 

22.4 

0.0018 

DDC1 

9-1-1  complex 

12  ±  2 

0.41  ±0.10 

20.4 

0.0017 

MGT1 

Methyltransferase 

39  ±  6 

0.42  ±0.16 

19.9 

0.0018 

MUS81 

HR  intermediate  resolution 

2.7  ±  0.4 

0.14±0.05 

18.9 

0.0040 

MMS4 

HR  intermediate  resolution 

3.6  ±  0.2 

0.20  ±0.09 

17.8 

0.0011 

ISW1 

Chromatin 

41  ±  12 

0.52  ±0.17 

16.1 

0.0018 

POT1 

Fatty  acid  oxidation 

34  ±  14 

0.54  ±0.41 

15.4 

0.0022 

RAD17 

9-1-1  complex 

6  ±  0.7 

0.43  ±  0.09 

14.2 

0.0028 

SCSI 

HR  intermediate  resolution 

28  ±  5 

0.67  ±0.23 

12.5 

0.0020 

RAD55 

HR 

18  ±  8 

0.70  ±0.33 

12.0 

0.0021 

BBC1 

Actin  patch 

84  ±  24 

0.73  ±0.65 

11.4 

0.0030 

IXR1 

Chromatin 

29  ±  10 

0.99  ±0.29 

8.4 

0.0022 

YIL158W 

unknown 

60  ±  11 

1.3  ±0.8 

6.3 

0.0047 

ESC2 

HR  intermediate  resolution 

18  ±  5 

1.3  ±0.9 

6.1 

0.0050 

UIP5 

Unknown 

29  ±  4 

1.4  ±0.3 

5.8 

0.0027 

PSY3 

Error-free  bypass 

30  ±  11 

1.5  ±0.5 

5.5 

0.0035 

MSN1 

Transcription 

24  ±  6 

1.6  ±0.8 

5.0 

0.0048 

'  Gene  functions  are  classified  according  to  annotations  in  Saccharomyces  Genome  Database  (www.yeastgenome.org)  and  the  literature  referenced  in  the  database  (see 
Supplemental  Table  SI ).  PSY3  was  very  recently  assigned  to  the  error-free  bypass  branch  of  PRR  pathway  by  Ball  et  al.  [56], 
b  Cells  were  exposed  to  0.01%  MMS  in  liquid  rich  medium  for  5  h.  Wild  type  is  BY4741  (S288C).  Error  represents  the  standard  deviation  calculated  for  three  independent 
biological  experiments  performed  on  3  subsequent  days  on  three  independent  segregants  for  each  double  mutant.  After  MMS  treatment,  the  survival  rate  for  wild  type  and 
rad9A  strains  are  76  ±  13%  and  8.3  ±0.8%. 

c  Ratio  is  calculated  as  the  viability  of  the  most  sensitive  single  mutant  (i.e.  either  rad9A  orxxxA)  versus  the  viability  of  the  rad9A  xxxA  double  mutant. 
d  The  p-values  for  the  reliability  of  the  difference  of  survival  rates  between  the  single  and  double  mutants  were  calculated  using  t-tests. 

'  There  were  no  viable  colonies  for  the  rad5A  rad9A  double  mutant  after  5  h  exposure  to  0.01%  MMS;  2  x  104  cells  were  plated;  hence,  viability  was  <0.005%.  (p-value 
cannot  be  accurately  calculated.) 


cells.  Control  cells  were  always  irradiated  on  the  same  day  as 
mutant  strains,  and  three  independent  isolates  were  tested  for  each 
mutant  strain  over  a  3-day  period. 


2.6.  MMS-induced  mutation  and  SCE  rate 

MMS-induced  mutation  and  sister  chromatid  exchange  (SCE) 
rates  were  measured  as  previously  described  [35].  Briefly,  mutation 
rates  were  measured  by  selection  for  canavanine  resistance  (due 
to  forward  mutation  of  the  CAN!  gene).  Mutation  rates  were  deter¬ 
mined  in  both  the  BY4741  and  A364a  backgrounds.  SCE  rates  were 
measured  in  the  A364a  background,  previously  engineered  to  carry 
a  SCR::URA3  sister  chromatid  recombination  substrate  [36,37].  SCE 
and  mutation  rates  were  measured  simultaneously  (i.e.  side  by  side 
on  the  same  days  with  the  same  cell  cultures)  for  these  studies, 
and  controls  were  always  examined  concurrently  on  the  same  day 
alongside  mutant  strains.  MMS  treatment  of  cells  was  performed 
exactly  the  same  as  described  in  Section  2.4.  Following  inactivation 
of  the  MMS  by  resuspension  of  cells  in  PBS  +  5%  sodium  thiolsulfate, 
cells  were  serially  diluted  and  plated  onto  SD-Arg-Ser  +  60mg/L 
canavanine  medium  (for  measurement  of  mutation  rates),  SD-His 
medium  (for  measurement  of  SCE  rates),  and  YPD  medium  (for 
viability).  Plates  were  incubated  at  30  °C  for  3  days,  and  numbers 
of  mutants/recombinants  were  assessed  by  the  number  of  CFUs 
on  the  respective  selection  plates.  Mutation  rates  were  expressed 
as  canavanine-resistant  cells  per  106  viable  cells.  SCE  rates  were 
expressed  as  His+  cells  per  10s  viable  cells.  For  both  mutation  and 
SCE,  the  rates  after  MMS  induction  were  determined  by  subtracting 
the  observed  numbers  of  mutants  or  recombinants  in  the  starting 
culture  (i.e.  pre-MMS  exposure)  from  the  number  observed  post- 
MMS  exposure. 


3.  Results 

3.1.  A  synthetic  sensitivity  screen  reveals  25  interactions  with 
RAD9,  many  of  which  involve  post-replication  repair 

Synthetic  enhancement  genetics  can  be  used  to  examine  how 
mutations  in  two  genes  interact  to  modulate  a  phenotype  and 
to  uncover  useful  information  about  the  functions  of  the  inter¬ 
acting  genes  and  their  relationship  [38].  We  performed  a  genetic 
screen  to  identify  second  site  mutations  that  enhance  the  DNA  dam¬ 
age  sensitivity  of  the  rad9A  mutant  to  chronic  sublethal  (0.01%) 
MMS  treatment.  We  utilized  a  screening  protocol  derived  from 
the  dSLAM  procedure  [32].  Briefly,  a  rad9A::URA3  query  construct 
was  introduced  to  a  haploid-convertible  heterozygous  diploid  yeast 
knockout  library  pool  by  integrative  transformation.  Following 
sporulation,  the  haploid  double  mutants  carrying  both  the  rad9A 
allele  and  a  second  gene  disruption  were  selected  and  subsequently 
screened  for  sensitivity  on  synthetic  complete  media  plates  con¬ 
taining  0.01%  MMS.  A  total  of  27,000  colonies  were  screened  from 
the  double  deletion  library.  From  this,  337  individual  double  dele¬ 
tion  mutants  were  found  to  be  sensitive  to  MMS,  of  which  202 
unique  double  mutants  were  identified  by  sequencing  of  the  flank¬ 
ing  barcode  regions. 

Our  initial  screen  was  not  exclusive  for  the  enhancement  phe¬ 
notype  we  sought,  since  all  single  mutants  conferring  significant 
sensitivity  to  MMS  also  would  be  recovered  (in  addition  to  the 
desired  rad9A -interacting  genes).  Thus  we  performed  a  quanti¬ 
tative  counter  screen  comparing  the  sensitivity  of  each  double 
mutant  candidate  (xxxA  rad9A )  to  the  original  single  mutants 
(xxxA)  from  the  deletion  library  by  assessing  viability  following 
a  5-h  exposure  to  0.01%  MMS  in  liquid  rich  medium.  This  counter 
screen  identified  a  subset  of  25  yeast  gene  disruptions  that  signif- 
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HR  intermediates  resolution  (5) 
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Error-free  bypass 


Clamp  /  checkpoint  (31 


SSSl 

MMS1 

MMS4- 

MUS81 

CSC2 


RADS4* 

RAD55 


Total  confirmed  hits:  25 
Novel  hits:  15 


Fig.  1.  Pie  chart  summarizing  the  results  of  the  rad9A  synthetic  genetic  screen 
in  the  presence  of  0.01%  methylmethane  sulfonate  (MMS).  Genes  were  cate¬ 
gorized  according  to  their  annotations  in  the  Saccharomyces  Genome  Database 
(www.yeastgenome.org).  The  genes  showing  interactions  with  RAD9  include  genes 
functioning  to  accommodate  DNA  damage  during  replication  and  others  that  are 
previously  unknown  to  be  involved  in  the  DNA  damage  response.  Genes  listed 
with  asterisks  represent  interactions  not  previously  identified.  Fifteen  novel  RAD9 
genetic  interactions  were  uncovered  in  this  screen.  Abbreviations  are  as  follows: 
PRR,  post-replication  repair;  HR,  homologous  recombination. 


icantly  enhance  the  sensitivity  of  the  rad9A  mutant,  such  that  the 
xxx A  rad9A  double  mutant  was  more  sensitive  to  MMS  than  either 
the  rad9A  or  the  xxx  A  single  mutants. 

To  reconfirm  the  enhanced  sensitivity,  we  reconstructed  indi¬ 
vidual  gene  deletions  of  the  25  genes  in  a  wild  type  or  rad9A 
background  by  mating  each  single  deletion  strain  to  a  rad9A  strain. 
Three  independent  segregants  of  each  double  or  single  mutant  were 
subjected  to  a  second  round  of  MMS  liquid  kill  curve  testing.  All  25 
of  the  double  mutants  {xxx A  rad9A )  exhibited  a  5-fold  or  greater 
enhanced  sensitivity  to  MMS  than  either  single  mutant  {xxxA  or 
rad9A )  (p< 0.01)  (Table  2  and  Supplemental  Fig.  SI).  These  genes 
comprised  a  number  of  different  functional  categories  (Fig.  1),  and 
15  out  of  the  25  interactions  were  previously  unobserved  (indi¬ 
cated  by  an  asterisk  in  Fig.  1).  The  severity  of  the  interaction 
with  rad9A  varied  significantly  among  these  categories  (Table  2). 
Notably,  genes  involved  in  PRR  exhibited  the  highest  degree  of 
interaction  with  rad9A  (Table  2  and  Supplemental  Fig.  SI).  Genes 
involved  in  homologous  recombination  repair  (HR)  and  resolution 
of  HR  intermediates  as  well  as  direct  reversal  of  alkylation  (MGTl) 
and  other  aspects  of  DNA  repair  {IXR 1 )  also  enhanced  the  sensitivity 
of  rad9A. 

Interestingly,  we  also  identified  a  number  of  genes  not  previ¬ 
ously  known  to  function  in  the  DDR,  including  1SW1  (chromatin 
remodeling),  POTl  (fatty  acid  metabolism),  BBC!  (localized  to  actin 
patches),  MSN 1  (transcription),  and  two  uncharacterized  genes, 
YIL158W  and  UIP5.  In  order  to  determine  whether  these  interac¬ 
tions  displayed  general  DNA  damage  sensitivity  or  MMS-specific 
sensitivity,  we  tested  whether  these  genes  enhanced  rad9A  sen¬ 
sitivity  to  ionizing  radiation  as  well.  Four  of  the  candidates  (BBC2, 
ISWI,  YIL158W  and  POTl )  displayed  cross-sensitivity  to  ionizing 
radiation,  suggesting  that  these  genes  are  important  for  surviving 
DNA  damage  in  rad9A  cells  (Supplemental  Fig.  S2). 

3.2.  The  rad9A  mutant  shows  a  dose-dependent, 

REV3-dependent  hypermutable  phenotype  in  MMS 

Cells  have  multiple  repair  options  available  for  handling  any 
single  lesion;  however  the  cellular  mechanism  for  choosing  which 
pathway  to  utilize  is  poorly  understood.  In  light  of  results  from  our 


screen  and  recent  data  linking  checkpoint  genes  to  choice  of  PRR 
mechanism  [39],  we  sought  to  explore  the  role  of  the  S.  cerevisiae 
checkpoint  gene  RAD9  in  such  a  function.  We  hypothesized  that 
if  RAD9  contributed  to  regulation  of  mutagenic  versus  error-free 
PRR  in  the  S-phase,  then  the  rad9A  mutant  might  exhibit  a  hyper¬ 
mutable  phenotype  when  treated  with  the  DNA  alkylating  agent 
MMS.  To  test  this  prediction,  we  exposed  cells  to  0.01%  MMS  in  liq¬ 
uid  culture  for  5  h  and  assayed  induction  of  mutations  by  measuring 
forward  mutation  to  canavanine  resistance.  As  shown  in  Fig.  2A,  the 
rad9A  mutant  shows  significant  elevation  of  MMS-induced  muta¬ 
tion  rate  compared  to  wild  type  (p  <  0.01 ). 

At  first  glance,  this  result  contradicts  a  previous  report  by  Bar¬ 
bour  et  al.  that  the  rad9A  mutant  is  not  hypermutable  in  the 
presence  of  MMS  [28].  However,  we  subsequently  noted  that  the 
MMS  exposures  were  very  different  between  these  two  studies;  in 
our  study,  cells  were  exposed  for  5  h  to  0.01%  MMS,  whereas  in  the 
Barbour  et  al.  study,  cells  were  exposed  to  a  higher  concentration  of 
MMS  (0.05%)  for  half  an  hour.  We  hypothesized  that  this  critical  dif¬ 
ference  in  exposure  might  explain  the  discordant  results  in  the  two 
studies.  To  test  this,  we  measured  MMS-induced  mutation  rates  in 
the  same  strains  under  the  two  conditions  (5  h  at  0.01%  MMS  ver¬ 
sus  0.5  h  at  0.05%  MMS;  see  Fig.  2A).  Consistent  with  the  report 
of  Barbour  et  al.,  we  saw  no  hypermutable  phenotype  of  rad9A  at 
the  0.05%  MMS  dose,  demonstrating  the  dose-dependence  of  the 
rad9A  hypermutable  phenotype  (Fig.  2A). 

To  test  whether  the  rad9A  MMS  dose-dependent  hypermutable 
phenotype  was  specific  to  the  BY4741  strain  background,  we 
repeated  the  mutagenesis  studies  in  the  A364a  strain  background. 
As  shown  in  Fig.  2B,  the  MMS  dose-dependent  hypermutable  phe¬ 
notype  is  recapitulated  in  the  A364a  background;  furthermore,  the 
hypermutable  phenotype  could  also  be  detected  at  a  10-fold  lower 
MMS  exposure  (0.001%)  (Fig.  2C).  We  conclude  that  the  hyper¬ 
mutable  phenotype  of  rad9A  in  MMS  is  dose-dependent  and  is  not 
unique  to  the  BY4741  strain  background. 

To  determine  whether  the  hypermutable  phenotype  was  depen¬ 
dent  on  the  canonical  R£V3-dependent  error-prone  PRR  pathway, 
we  tested  whether  the  recovery  of  canl  mutants  in  the  rad9A 
background  was  R£V3-dependent.  We  constructed  a  rad9A  rev3A 
double  mutant  and  repeated  the  mutagenesis  experiment.  As 
shown  in  Fig.  2C,  the  hypermutable  phenotype  of  rad9A  cells  is 
dependent  on  REV3,  demonstrating  that  the  hypermutable  pheno¬ 
type  is  due  to  increased  activity  of  the  error-prone  R£V3-dependent 
branch  of  the  PRR  pathway. 

In  addition  to  mutagenic  damage  tolerance  mechanisms,  PRR 
can  also  employ  homologous  recombination  (HR),  which  can  be 
tested  by  measuring  sister  chromatid  exchange  (SCE)  rates.  Thus, 
we  asked  whether  rad9A  has  an  effect  on  SCE  induction  in  the  pres¬ 
ence  of  MMS.  We  observed  that  wild  type  and  rad9A  cells  exhibited 
no  significant  difference  in  SCE  induction  in  either  the  0.01%  (5h) 
or  the  0.05%  (0.5  h)  MMS  conditions  (Fig.  2B).  Thus,  we  conclude 
that  while  rad9A  mutation  affects  MMS-inducible  mutation  rates, 
there  is  no  effect  on  the  rate  of  MMS-inducible  SCE  in  these  cells. 

3.3.  The  dose-dependence  of  the  hypermutable  phenotype  in 
rad9A  correlates  with  differences  in  cell  cycle  distribution  in 
response  to  different  doses  of  MMS 

One  possible  explanation  for  the  dose-dependence  of  the  rad9A 
hypermutable  phenotype  is  that  in  0.05%  MMS,  lesion  density  is 
high  enough  to  produce  multiple  lesions  in  a  short  track  of  DNA, 
which  is  more  likely  to  degrade  or  be  processed  to  a  DSB  than 
to  induce  mutagenic  translesion  synthesis.  However,  our  data  do 
not  support  this  model.  For  example,  if  more  DSB  were  being  pro¬ 
duced  in  the  0.05%  versus  0.01%  MMS  conditions,  we  would  expect 
to  see  higher  rates  of  sister  chromatid  recombination  in  the  for¬ 
mer.  In  contrast,  we  see  a  higher  level  of  sister  chromatid  exchange 
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Fig.  2.  MMS  dose-dependent  hypermutation  phenotype  in  the  rad9A  mutant.  (A)  Log-phase  wild  type  (BY4741 )  and  rad9A  (CB1 021 )  cells  (BY4741  background)  were  grown 
in  the  presence  of  0.01%  MMS  for  5  h  and  then  harvested  for  the  determination  of  survival  (62  ±  5%  and  4.8  ±  0.5%  for  wild  type  and  rad9A  cells,  respectively)  and  a  induction 
of  mutation  to  CanR  (upper  panel).  In  parallel,  the  survival  and  mutation  rates  were  also  determined  for  wild  type  and  rad9A  cells  grown  for  a  shorter  time  (0.5  h)  in  higher 
concentration  (0.05%)  of  MMS  (lower  panel,  the  survival  rate  for  wild  type  and  rad9A  were  98  ±3%  and  73  ±4%,  respectively).  Each  strain  was  tested  in  triplicate,  and  the 
error  bars  represent  the  standard  deviations.  (B)  Yeast  cells  from  a  different  genetic  background  (A364a)  were  tested  for  mutation  to  CanR  as  well  as  induction  of  SCE  after 
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induction  in  the  0.01%  MMS  conditions  (Fig.  2B).  Also  not  consistent 
with  there  being  more  DSB  in  the  0.05%  conditions,  the  0.01%  MMS 
condition  introduces  more  lethal  damage  (DSBs  are  lethal  in  hap¬ 
loid  yeast  cells),  evidenced  by  lower  survival  of  rad9A,  indicating 
that  a  concentration  of  0.01%  MMS  at  5  h  is  a  higher  effective  dose 
than  0.05%  MMS  at  Vi  h.  Thus  it  is  unlikely  that  the  possibility  of 
fewer  DSBs  at  the  lower  concentration  explains  the  hypermutable 
phenotype. 

Since  it  has  been  documented  that  DNA  repair  and  DNA  dam¬ 
age  tolerance  mechanisms  differ  throughout  the  cell  cycle  [36,40], 
a  second  possible  explanation  for  the  dose-dependence  of  the 
rad9A  hypermutable  phenotype  is  that  cell  cycle  distributions  dif¬ 
fer  significantly  between  the  0.01%  and  0.05%  MMS  conditions  used 
in  these  studies.  (We  previously  demonstrated  that  0.015-0.03% 
MMS  exposure  induces  a  regulated  slowing  of  S-phase  progres¬ 
sion,  termed  the  intra-S-phase  checkpoint  [3,7,40];  the  0.05%  dose 
used  in  the  Barbour  et  al.  study  was  not  previously  tested  for  S- 
phase  effects.)  To  test  this  hypothesis,  we  treated  wild  type  and 
rad9A  cells  with  either  0.01%  or  0.05%  MMS  for  a  period  of  5h, 
withdrawing  cells  at  multiple  time  points  throughout  the  treat¬ 
ment  for  assessment  of  cell  cycle  distribution  by  flow  cytometry. 
As  seen  in  Fig.  3A,  wild  type  cells  treated  with  0.01%  of  MMS  accu¬ 
mulate  in  the  S-phase  over  the  course  of  5  h,  as  previously  described 
[3,7].  Also  as  previously  described  [7],  rad9A  cells  treated  with  the 
same  dose  show  reduced  accumulation  in  the  S-phase,  proceeding 
through  to  the  G2  phase  faster  than  wild  type.  In  dramatic  contrast, 
there  is  no  observable  accumulation  of  rad9A  cells  in  the  S-phase 
during  a  30  min  pulse  of  an  asynchronous  culture  with  0.05%  MMS 
(Fig.  3A),  the  conditions  used  in  the  Barbour  et  al.  study.  Based 
on  these  data,  the  majority  of  MMS-induced  DNA  damage  in  our 
experiments  (0.01%  MMS)  is  introduced  during  the  S-phase  of  the 
cell  cycle,  whereas  the  majority  of  damage  was  induced  outside 
of  the  S-phase  in  the  0.05%  MMS  condition  used  in  the  Barbour 
et  al.  study.  Moreover,  if  we  treat  cells  with  0.05%  MMS  past  the 
30  min  pulse,  we  see  a  synchronization  represented  by  a  strong  G1 
peak  (Fig.  3A).  We  confirmed  that  these  cells  were  accumulating 
in  the  G1  phase  through  the  observation  that  the  majority  of  cells 
at  the  higher  dose  remain  unbudded  (Fig.  3B).  However,  a  propor¬ 
tion  of  budded  cells  remain,  suggesting  that  though  replication  is 
suppressed,  it  may  not  entirely  be  due  to  accumulation  in  the  G1 
phase.  It  is  possible  that  a  small  proportion  of  cells  progress  into  the 
S-phase  upon  treatment  with  0.05%  MMS,  but  the  replication  forks 
may  only  progress  for  very  small  distances  in  response  to  high  doses 
(producing  a  “G1  -like”  S-phase  peak).  Nonetheless,  these  results  are 
consistent  with  the  hypothesis  that  the  defect  in  the  intra-S-phase 
checkpoint  in  rad9A  cells  leads  to  a  higher  mutation  rate  in  the 
0.01%  MMS  treatment  (where  cells  are  replicating),  but  not  in  the 
0.05%  MMS  treatment  (where  replication  is  suppressed).  Impor¬ 
tantly,  it  has  been  demonstrated  that  cells  are  most  susceptible  to 
mutagenesis  in  the  S-phase  of  the  cell  cycle  [40]. 

If  the  dose-dependent  rad9A  hypermutable  phenotype  was  due 
to  a  defect  in  the  intra-S-phase  DNA  damage  checkpoint,  then  we 
predicted  that  other  mutations  (e.g.  radl7A  and  rad24A)  affecting 
this  checkpoint  might  also  exhibit  dose-dependent  hypermutabil¬ 
ity  in  MMS  [7[.  To  test  this  prediction,  we  measured  mutation 
and  SCE  induction  in  radl7A  and  rad24A  mutants  in  0.01%  MMS. 
As  shown  in  Fig.  3C,  the  radl7A  and  rad24A  mutants  phenocopy 
rad9A,  displaying  hypermutability  in  response  to  a  5  h  exposure  to 
0.01%  MMS,  but  no  effect  on  MMS-induced  SCE.  Like  rad9A,  both 


radi7A  and  rad24A  mutants  display  reduced  accumulation  in  the 
S-phase  after  chronic  MMS  treatment  [7],  a  phenotype  that  is  not 
evident  following  a  pulse  of  0.05%  MMS  (Supplemental  Fig.  S3). 
The  observation  that  additional  intra-S-phase  checkpoint-defective 
mutants  exhibit  similarly  enhanced  MMS-inducible  mutation  rates 
is  consistent  with  a  model  wherein  the  hypermutable  phenotype 
is  a  result  of  inappropriate  S-phase  progression  in  the  presence  of 
MMS-induced  damage. 

4.  Discussion 

4.3.  DNA  damage,  RAD9  and  the  S-phase 

As  described  in  this  study,  MMS  dose  has  a  profound  impact 
on  cell  cycle  distributions.  In  the  previous  study  by  Barbour  et  al. 
[28],  a  rapid  30  min  pulse  with  0.05%  MMS  is  not  associated  with 
accumulation  of  cells  in  S-phase  (Fig.  3),  and  base  excision  repair  is 
likely  to  remove  alkylation  damage,  in  most  cases  prior  to  entry  into 
the  S-phase  (after  the  MMS  is  withdrawn).  As  a  result,  there  is  little 
consequence  to  the  genetic  integrity  of  the  cell.  However,  if  residual 
damage  remains  once  cells  enter  the  S-phase,  or  if  damage  is  intro¬ 
duced  during  the  S-phase  (as  is  the  case  in  the  0.01%  MMS  condition 
used  in  our  experiments),  replication  forks  encounter  the  damage 
and  stall,  and  cells  are  forced  to  employ  damage  tolerance  mecha¬ 
nisms,  some  of  which  are  mutagenic.  This  hypothesis  is  consistent 
with  studies  of  Ostroff  et  al.  and  Kadyk  et  al.  that  demonstrated  that 
cells  are  most  susceptible  to  UV-induced  mutagenesis  and  sister 
chromatid  exchange  during  the  S-phase  of  the  cell  cycle  [37,40]. 

There  are  three  potential  outcomes  for  a  stalled  replication  fork 
(Fig.  4).  First,  DNA  repair  proteins  (e.g.  base  excision  repair)  may 
remove  the  offending  lesion,  allowing  the  fork  to  resume  repli¬ 
cation.  Second,  the  lesion  can  be  tolerated  (i.e.  circumnavigated, 
rather  than  being  removed)  either  by  template  switching  (depen¬ 
dent  on  MMS2,  UBC1 3,  RAD5 )  or  by  mutagenic  translesion  synthesis 
(dependent  on  REVi,  REV3,  REV7).  Third,  the  stalled  fork  may  col¬ 
lapse,  and  occasional  fork  collapses  are  repaired  by  homologous 
recombination  (HR)  [41].  JV3EC3  is  required  for  stabilizing  stalled 
forks;  hence  in  the  meet  mutant  stalled  forks  collapse  irreversibly 
at  high  rates,  resulting  in  rapid  death  [42]. 

Our  genome-wide  screen  revealed  extensive  interactions 
between  RAD9  and  post-replication  repair  genes  required  for  tol¬ 
erating  unrepaired  DNA  damage  during  the  S-phase.  We  can  infer 
from  the  heightened  importance  of  post-replication  repair  in  rad9A 
cells  that  replication  forks  are  encountering  lesions  more  fre¬ 
quently  in  the  rad9A  mutant  than  in  the  wild  type.  This  could  be 
due  to:  (i)  a  general  decrease  in  the  efficiency  of  repair  or  reversal  of 
alkylation  damage  in  the  rad9A  mutant,  and/or  (ii)  abnormal  coor¬ 
dination  between  DNA  replication  and  alkylation  damage  repair  or 
reversal  in  the  rad9A  mutant,  resulting  in  an  increase  in  the  number 
of  lesions’  being  encountered  by  replication  forks.  There  are  data 
suggesting  that  either  or  both  of  these  mechanisms  could  occur,  as 
discussed  below. 

RAD9  has  been  implicated  in  nucleotide  excision  repair  of 
UV-damaged  DNA  [43,44].  Recent  studies  have  suggested  that 
RAD9  is  required  for  repair  of  the  transcribed  strands  and  the 
non-transcribed  strands  of  active  genes  (but  not  for  repair  of 
transcriptionally  inactive  DNA  sequences),  possibly  through  the 
up-regulation  of  genes  involved  in  the  repair  process  [45].  There 
are  no  studies  reported  to  look  for  a  role,  either  direct  or  indirect, 


MMS  exposure  (as  above).  The  survival  rates  for  wild  type  (yMP10381)  and  rad9A  (yMP11030)  were  79  ±6%  and  3.1  ±0.2%,  respectively  in  the  0.01%/5  h  MMS  treatment; 
the  survival  rates  for  wild  type  and  rad9A  were  88  ±6%  and  84  ±2%,  respectively  in  the  0.05%/0.5h  MMS  treatment.  Each  strain  was  tested  in  triplicate,  and  the  error 
bars  represent  standard  deviations.  (C)  The  MMS-induced  hypermutability  of  rad9A  is  i?E\/3-dependent.  Wild  type  (yMP10381),  rad9A  (yMP11030),  rev3A  (yMP10382), 
and  rad9A  rev3A  (yDH51,  yDH52,  yDH53)  cells  were  tested  for  survival  and  mutation  to  CanR  after  treatment  with  a  very  low  concentration  of  MMS  (0.001%)  for  5  h  (low 
concentration  MMS  was  required  due  to  the  high  sensitivity  of  the  rad9A  rev3A  double  mutant,  Table  2).  The  survival  rates  for  wild  type,  rad9A,  rev3A  and  rad9A  rev3A 
cells  were  93  ±3%,  63  ±4%,  90  ±  12%  and  12  ±  1%,  respectively.  Each  strain  was  tested  in  triplicate,  and  the  error  bars  represent  standard  deviations. 
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of  RAD9  in  promoting  base  excision  repair  or  direct  reversal  of  alky¬ 
lation  damage,  and  this  would  be  an  interesting  area  of  follow-up 
investigation. 

We  previously  showed  that  in  the  continuous  presence  of  MMS, 
the  rate  of  S-phase  progression  is  dramatically  slowed  by  an  intra- 
S-phase  checkpoint  in  wild  type  cells  [3],  suggesting  the  possibility 
that  there  may  be  coordination  between  DNA  replication  and 
repair.  It  is  interesting  to  note  that  while  mecl  and  rad53  mutants 
show  severe  defects  in  S-phase  regulation  in  the  presence  of  MMS, 
rad9A  mutation  confers  a  far  more  subtle  defect  [7],  The  basis  of 
these  two  distinct  phenotypes  is  not  understood,  and  it  is  equally 
plausible  that  MECl  (or  RAD53 )  and  RAD9  are  involved  in  dis¬ 
tinct  mechanisms  controlling  S-phase  progression  or  that  they  are 
involved  in  the  same  mechanism,  with  the  MEC1  and  RAD53  muta¬ 
tions  showing  higher  penetrance.  Of  note,  the  mecl  rad9A  and 
rad53A  rad9A  double  mutants  are  more  sensitive  to  MMS  then  any 
of  the  single  mutants  [7],  indicating  that  the  survival-promoting 
functions  of  MEC1  and  RAD53  do  not  lie  completely  within  the  same 
pathway  as  that  for  RAD9. 


Elegant  work  by  Tercero  and  Diffley  [42]  investigated  the  under¬ 
lying  mechanism  of  S-phase  slowing  in  the  presence  of  MMS,  and 
the  effects  of  mutations  in  RAD53  and  M EC).  They  showed  that 
exposure  to  MMS  reduces  the  rate  of  DNA  replication  fork  progres¬ 
sion  to  about  300  base  pairs  per  minute,  5-10  times  lower  than 
fork  rates  in  the  absence  of  MMS  [46,47].  However,  they  found  that 
the  slow  fork  rate  progression  does  not  require  RAD53  or  MFC/, 
indicating  that  the  accelerated  S-phase  is  primarily  a  consequence 
of  inappropriate  initiation  events  observed  in  these  mutants.  Fur¬ 
thermore,  the  cytotoxicity  of  MMS  in  checkpoint  mutants  occurs 
specifically  when  cells  are  allowed  to  enter  S-phase  with  dam¬ 
age,  at  which  time  replication  forks  in  checkpoint  mutants  collapse 
irreversibly  at  high  rates.  Hence,  preventing  damage-induced  repli¬ 
cation  fork  catastrophe  seems  to  be  a  primary  mechanism  by  which 
the  MECl -dependent  checkpoint  preserves  viability  in  the  face  of 
DNA  alkylation.  (Of  note,  these  studies  were  all  performed  in  the 
presence  of  0.033%  MMS.) 

The  mechanism  underlying  the  RAD9-dependent  slowing  of  S- 
phase  progression  in  response  to  MMS  has  not  been  investigated, 


Fig.  3.  Relationship  between  the  hypermutability  phenotype  and  cell  cycle  distribution.  (A)  Cell  cycle  redistribution  following  continuous  exposure  of  asynchronous  popula¬ 
tions  of  wild  type  (yMP10381)  or  rad9A  (yMPl  1030)  cells  to  0.01%  and  0.05%  MMS.  At  indicated  times  of  exposure,  samples  were  removed  and  analyzed  by  flow  cytometry. 
Each  panel  contains  two  histograms.  Shaded  histograms  represent  the  cell  cycle  distribution  of  the  asynchronous  culture,  before  addition  of  MMS.  Overlaid  histograms 
represent  the  cell  cycle  distribution  at  various  times  after  addition  of  MMS.  (B)  Percentage  of  unbudded  cells  at  the  indicated  time  during  MMS  exposure  in  liquid  cultures  for 
wild  type  and  rad9A  cells.  (C)  Multiple  intra-S-phase  checkpoint-defective  strains  show  hypermutability  in  0.01%  MMS.  Wild  type  (yMP10381),  rad9A  (yMPl  1030),  rad!7A 
(yMP11089),  and  rad24A  (yMPl  1006)  cells  were  tested  for  survival,  mutation  to  CanR  and  SCE  after  exposure  to  0.01%  MMS  for  5h,  as  above.  The  survival  rates  for  wild  type, 
rad9A,  radl7A,  and  rad24A  cells  were  66  ±8%,  3.5  ±0.3%,  4.1  ±0.2%  and  1.7  ±0.2%,  respectively.  Each  strain  was  tested  in  triplicate,  and  the  error  bars  represent  standard 
deviations. 
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Fig.  4.  One  model  proposing  a  role  for  RAD9  in  regulating  how  lesions  are  channeled  at  the  replication  fork.  Under  the  model,  in  the  presence  of  MMS,  RAD9  activity  would 
strongly  and  actively  promote  use  of  non-mutagenic  base  excision  repair  (and/or  alkylation  reversal),  while  it  would  actively  suppress  mutagenic  translesion  synthesis.  Hence, 
loss  of  RAD9  function  would  reduce  the  efficacy  of  base  excision  repair,  thereby  increasing  the  reliance  of  cells  on  template  switching  and  translesion  synthesis  for  survival; 
this  would  explain  the  synergy  observed  between  the  rad9A  and  both  the  mms2  and  rev3  mutants.  Additionally,  loss  of  RAD9  function  would  result  in  derepression  of 
translesion  synthesis,  resulting  in  the  hypermutable  phenotype  observed  in  our  experiments.  Hence,  under  this  model,  RAD9  stabilizes  the  genome  by  maximizing  the  cell’s 
ability  to  employ  non-mutagenic  mechanisms  (base  excision  repair  and  template  switching)  of  repairing  or  tolerating  lesions,  while  suppressing  mutagenic  translesion 
synthesis.  As  discussed  in  the  text,  a  second  alternative  model  is  that  RAD9  acts  to  promote  continuous  DNA  synthesis,  potentially  by  limiting  re-priming  of  stalled  forks  at 
MMS  lesions.  In  this  model,  the  observed  hypermutability  in  MMS-treated  rad9A  cells  may  be  due  to  an  increased  reliance  on  PRR  to  repair  large  ssDNA  gaps  resulting  from 
discontinuous  synthesis,  which  would  explain  the  synergy  between  rad9A  and  both  the  MMS2  and  REV3  branches  of  PRR. 
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nor  have  fork  elongation  rates  been  measured  in  the  rad9A  mutant 
in  the  presence  of  low  dose  MMS  (i.e.  0.01%  MMS  during  active 
S-phase).  Hence,  while  the  Tercero  and  Diffley  [42]  data  elimi¬ 
nate  the  possibility  of  MECi  -dependent  control  of  replication  fork 
elongation  (at  least  in  0.033%  MMS),  their  data  do  not  eliminate 
the  possibility  that  fork  elongation  rate  is  controlled  in  a  MECI- 
independent  mechanism.  Hence,  although  speculative,  it  remains 
formally  possible  that  slowing  of  S-phase  in  response  to  MMS  is 
due  both  to  control  of  origin  firing  (MECI  -dependent)  and  control 
of  elongation,  and  we  hypothesize  that  control  of  elongation  may 
be  RAD9-dependent  and  required  for  efficient  removal  of  alkylation 
damage,  via  a  mechanism  potentially  analogous  to  transcription- 
repair  coupling  [48]. 

4.2.  Model  for  RAD9’s  facilitating  the  repair  or  tolerance  ofDNA 
damage  by  regulating  the  replication  fork 

Barbour  et  al.  proposed  that  because  rad9A  is  synergistic  to 
both  mms2  and  rev3  with  respect  to  killing  by  MMS,  RAD9  likely 
functions  as  a  separate  branch  of  post-replication  repair,  indepen¬ 
dent  of  the  REV3-  and  MMS2-associated  branches  and  downstream 
of  RADI 8.  Our  observation  that  rad9A  cells  are  hypermutable  in 
0.01%  MMS  is  consistent  with  this  model,  in  that  loss  of  a  parallel 
post-replication  repair  pathway  could  shuttle  a  higher  percentage 
of  DNA  lesions  into  the  mutagenic,  R£V3-dependent  translesion 
synthesis  pathway.  There  are  alternative  models. 

One  alternative  model  is  that  the  RAD9  adapter  acts  at  the 
replication  fork  at  sites  of  damage  to  regulate  how  DNA  damage 
is  channeled  through  the  various  repair  and  tolerance  pathways 
during  the  S-phase  so  as  to  minimize  genetic  instability  (Fig.  4).  Ill- 
described  biochemical  acrobatics  must  occur  at  the  fork  to  elicit 
polymerase  switching  or  template  switching  when  DNA  dam¬ 
age  tolerance  mechanisms  are  employed,  and  the  mechanism  of 
these  switches  is  unclear  [49].  Under  this  alternative  model,  in  the 
presence  of  MMS,  RAD9  activity  would  strongly  and  actively  pro¬ 
mote  use  of  non-mutagenic  base  excision  repair  (and/or  alkylation 
reversal),  while  it  would  actively  suppress  mutagenic  translesion 
synthesis.  Hence,  loss  of  RAD9  function  would  reduce  the  efficacy 
of  base  excision  repair  (Fig.  4),  thereby  increasing  the  reliance  of 
cells  on  template  switching  and  translesion  synthesis  for  survival; 
this  would  explain  the  synergy  observed  between  the  rad9A  and 
both  the  mms2A  and  rev3A  mutants,  without  evoking  the  need 
of  a  novel  post-replication  repair  pathway.  Additionally,  loss  of 
RAD9  function  would  result  in  derepression  of  translesion  syn¬ 
thesis  (Fig.  4),  leading  to  the  hypermutable  phenotype  observed 
in  our  experiments.  Hence,  under  this  alternative  model,  RAD9 
does  not  participate  in  a  third  branch  of  DNA  damage  tolerance, 
but  rather  it  stabilizes  the  genome  by  maximizing  the  cell’s  abil¬ 
ity  to  employ  non-mutagenic  mechanisms  (base  excision  repair 
and  template  switching)  of  repairing  or  tolerating  lesions,  while 
suppressing  mutagenic  translesion  synthesis. 

A  second  alternative  model  is  that  RAD9  acts  to  promote  contin¬ 
uous  DNA  synthesis,  potentially  by  limiting  re-priming  of  stalled 
forks  at  MMS  lesions.  In  this  model,  the  observed  hypermutability 
in  MMS-treated  rad9A  cells  may  be  due  to  an  increased  reliance  on 
PRR  to  repair  large  ssDNA  gaps  resulting  from  discontinuous  syn¬ 
thesis,  which  would  explain  the  synergy  between  rad9A  and  both 
the  MMS2  and  REV3  branches  of  PRR. 

Interactions  between  rad9A  and  HR  repair  genes  are  consis¬ 
tent  with  both  models.  In  the  first  model,  loss  of  RAD9  function 
would  result  in  a  higher  frequency  of  fork  stalling  at  unrepaired 
lesions,  leading  to  an  elevated  probability  of  fork  collapse  and  repair 
by  HR  genes  [41,50],  In  the  second  model,  a  number  of  these  HR 
genes  (SCSI ,  MUS81 ,  MMS4  and  members  of  the  RAD52  group)  have 
been  shown  to  promote  gap  repair  and  are  epistatic  to  genes  in 
the  error-free  branch  of  PRR  [51,52,56].  Their  synergy  with  rad9A 


may  indicate  an  inability  to  repair  large  ssDNA  gaps  in  rad9A 
cells.  Recent  work  has  shown  that  the  choice  among  homologous 
recombination,  translesion  synthesis,  and  Rad52-related  gap  repair 
is  dependent  on  a  complex  interplay  between  ubiquitination  and 
sumoylation  of  PCNA  [53].  The  role,  if  any,  that  RAD9  might  play  in 
mediating  these  signaling  events  is  an  intriguing  avenue  for  further 
study. 

4.3.  Implications  for  human  disease 

BRCA1,  one  putative  mammalian  homolog  of  RAD9,  also  plays 
an  important  role  in  S-phase  checkpoint  regulation  and  genome 
stability  [54].  It  is  tempting  to  speculate  that  BRCA1  may  also  have 
synergistic  interactions  with  homologs  of  PRR  genes  characterized 
in  this  study.  If  such  synergistic  interactions  are  evident  in  human 
cells,  such  genes  may  be  modifiers  of  cancer  penetrance  for  BRCAI 
cases.  Moreover,  inhibition  of  PRR  pathways  may  serve  as  an  effec¬ 
tive  treatment  mechanism  for  BRCAI  — /-  tumors,  comparable  to 
the  growing  use  of  poly(ADP-ribose)  polymerase  (PARP)  inhibitors, 
now  in  clinical  trials  for  treating  BRCA-deficient  tumors  [55], 
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